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ABSTRACT 

PATHOGENESIS OF AQUATIC BIRD BORNAVIRUS 1 IN POULTRY 

Melanie Iverson 
University of Guelph, 2021 

Advisors: 
Dr. Leonardo Susta 
Dr. Brandon Lillie

Aquatic bird bornavirus 1 (ABBV-1), a novel orthobornavirus, was first identified in 

2009 in waterfowl, associated with neurological disease and non-suppurative inflammation of the 

nervous system. Since then, ABBV isolates have been identified in at least 12 free-ranging avian 

species, including those outside the order Anseriformes, suggesting the potential for a broad host 

range. Epidemiological studies have also shown that ABBV-1 is highly prevalent in certain 

populations of Canada geese, with seroprevalence over 50 %. Developing an experimental model 

to study ABBV-1 is integral to furthering our understanding of ABBV-1 pathogenesis in those 

avian species that are naturally infected by this virus. In addition, the risks the virus poses to the 

commercial poultry industry is unknown. Therefore, the objectives of this thesis were as follows: 

Characterize the pathogenicity of ABBV-1 in vivo using 1) Muscovy ducks (Cairina moschata), 

as a representative waterfowl species, and 2) White Leghorn chickens (Gallus gallus 

domesticus), as an avian species of importance to the poultry industry. 

One hundred and sixty two-day-old birds of each species were inoculated with ABBV-1 

through one of four routes of administration: intracranial (IC, n = 40), intramuscular (IM, n = 

40), oral (PO, n = 40), or sham-inoculated control (CO, n = 40). Ten birds from each inoculation 

group were euthanized at 1, 4, 8, and 12 weeks post infection (wpi) for tissue collection. 
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The results of this thesis demonstrated that ABBV-1 delivered IC and IM, but not PO, 

infects both Muscovy ducks and White Leghorn chickens. By 12 wpi, viral RNA was identified 

in nervous tissues (brain, spinal cord) of both species, and peripheral tissues of ducks 

(proventriculus, kidney, gonad), as shown by reverse transcription quantitative polymerase chain 

reaction and immunohistochemistry. Ducks and chickens developed similar microscopic lesions 

in nervous tissues, typical of natural ABBV-1 infection in waterfowl, but did not show signs of 

clinical disease. These results suggest Muscovy ducks are a suitable in vivo experimental model 

for studying ABBV-1 pathogenesis and chickens are susceptible to infection, but further 

investigation into the development of clinical signs and natural route of transmission are needed.  
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Chapter 1. Literature Review 

1.1 Family Bornaviridae 

1.1.1 Etiology 

Bornaviridae is a family of enveloped viruses with a non-segmented, single-stranded, 

negative-sense RNA genome classified in the order Mononegavirales.2,8,16,17 Bornaviruses are 

non-cytopathic, cell-associated viruses that often induce progressive neurologic disease in a wide 

range of host species.68,105,119 These viruses persistently infect neurons and occasionally glial cells 

in vivo, while infecting several cell lines in vitro.14,125 They are unique viruses within the order 

Mononegavirales, which also incorporates 11 other families including Filoviridae, 

Paramyxoviridae, and Rhabdoviridae, due to their small viral genome (only approximately 8900 

nucleotides) with overlapping reading frames, and their ability to replicate and transcribe within 

the nucleus of the host cell.9,16 

1.1.2 Taxonomy 

As of a 2019 taxonomic review, the Bornaviridae family includes 3 genera (Carbovirus, 

Cultervirus, Orthobornavirus), 11 species (Queensland carbovirus, Southwest carbovirus, 

Sharpbelly cultervirus, Elapid 1 orthobornavirus, Mammalian 1 orthobornavirus, Mammalian 2 

orthobornavirus, Passeriform 1 orthobornavirus, Passeriform 2 orthobornavirus, Psittaciform 1 

orthobornavirus, Psittaciform 2 orthobornavirus, Waterbird 1 orthobornavirus) and 19 

genotypes (Table 1-1). Twelve genotypes are identified in avian species (i.e. canary bornavirus 

[CnBV] 1-3, estrildid finch bornavirus [EsBV] 1, parrot bornavirus [PaBV] 1-5 and 7, aquatic 

bird bornavirus [ABBV] 1-2) and are all encompassed in the Orthobornavirus genus.2 The type-

species of the Orthobornavirus genus is Borna disease virus-1 (BoDV-1), one of two genotypes 
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in the Mammalian 1 orthobornavirus species. Most of the studies about replication of 

bornaviruses in mammals derive directly from studies on BoDV-1. BoDV-1 and Borna disease 

virus-2 (BoDV-2) share 85 % sequence similarity whereas, bornaviruses in avian hosts share 

only approximately 65 % sequence identity with the mammalian bornaviruses.53,67 

1.1.3 Morphology and replication 

Bornaviruses have a spherical morphology with a diameter of 70–130 nm.8,136 These 

viruses contain an internal electron-dense core and an outer envelope covered in spikes 

approximately 7 nm long.64 

The genome of Orthobornaviruses contains six genes that encode for five structural and 

one non-structural proteins: nucleoprotein (N), X protein (X), phosphoprotein (P), matrix (M), 

envelope glycoprotein (G), and the RNA-dependent RNA polymerase (L). The N protein 

encapsulates the genomic viral RNA; the P acts as a cofactor of the L protein; and the L protein 

acts as both a transcriptase and replicase to produce mRNAs and virus genome copies, 

respectively. The L protein has been implicated in adaption of BDV to new hosts.1 Together with 

the genomic RNA, the N, P, and L form the ribonucleoprotein (RNP), which functions as the 

replicative unit of the virus.1,16 The transmembrane G protein allows attachment of the virions to 

the cells, and is important for cell-to-cell virus dissemination.72 The non-structural X protein 

regulates viral polymerase activity and inhibits apoptosis in infected cells.99 

Bornaviruses enter the host cell via receptor-mediated endocytosis, through the envelope 

G protein.30 Acidification of the endosome allows fusion of the envelope and release of the RNP 

into the cytoplasm, which is then shuttled into the nucleus.15,111 Entrance into the nucleus allows 

access to the host cell’s splicing machinery to generate mRNAs through the use of alternative, 

overlapping open reading frames and transcription units.9,112 Bornaviruses use a unique 
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mechanism for replication which results in genomic and antigenomic viral RNAs with trimmed 

5ʹ ends that contain mono- rather than triphosphorylated terminal nucleotides.113,114 

1.2 Bornavirus in Mammals 

1.2.1 History and etiology 

Borna disease was first described in horses as early as the 18th century when it was known 

as “hot headed disease”. Horses presented with severe progressive neurologic signs attributable 

to encephalomyelitis, that often resulted in death.31,102 At the end of the 19th century there was an 

epidemic in cavalry horses in the city of Borna (Saxony, Germany) and thereafter the disease 

was known as Borna disease.103 During this time, similar neurologic behavior was sporadically 

described in sheep in the same area.130 In 1926, Beck and Frohböse, succeeded in transmitting the 

infection from diseased sheep to rabbits and guinea pigs, and hypothesized that the clinical 

disease produced in both horses and sheep was of the same infectious agent.26 A viral etiology of 

Borna disease was demonstrated in 1927 by Zwick and colleagues, which reproduced neurologic 

disease in a horse after successful inoculation of brain homogenate from an infected horse into 

rabbits and back into a horse.137  

BoDV-1 and BoDV-2 are the only genotypes naturally affecting mammalian species, 

share approximately 85 % identity, and are encompassed into the Mammalian 1 orthobornavirus 

species.  

1.2.2 Host range 

Natural infection of Borna disease virus (BoDV) is still typically associated with horses 

and sheep in central Europe; however, BoDV has also been identified naturally in a wide range 

of vertebrae including donkeys5, goats10, cattle6, rabbits81, dogs131, a lynx19, alpaca57, and a 

number of zoo animals60. In addition, “staggering disease”, a neurological disorder of cats first 
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identified in Sweden and characterized by ataxia, has been attributed to BoDV.78,133 A Borna-like 

disease was also described in farmed ostriches in Israel with paralytic disease but was never 

confirmed.79 The presence of serum antibodies to BoDV and viral RNA has been demonstrated 

in asymptomatic animals all over the world indicating a wide geographic distribution.75 In 

addition, experimental infection has been demonstrated in rats11, mice41, tree shrews117, 

chickens76, and primates123. Despite the wide host range, the incidence of natural infection in 

species other than horses and sheep appears low.60  

 There has been much controversy over whether BoDV is also a pathogen of humans and 

its correlation with neuropsychiatric disorders. Since 1985, associations between 

neuropsychiatric disorders and BoDV infection have been suspected, based on the high 

prevalence of BoDV antibodies in affected patients.106 Recently, variegated squirrel bornavirus 1 

(VSB-1), a close relative of BoDV-1, was associated with fatal encephalitis in at least four 

humans, in close contact with squirrels.109 This discovery prompted further research into BoDV 

in humans, leading researchers in Germany to discover the first confirmed human BoDV-1 

infections in patents with encephalitis, after organ donation.65  

1.2.3 Clinical signs 

Serologic studies have shown that while BoDV infection is widespread in horses and 

sheep within certain regions of central Europe, only a small number of these infected animals 

develop clinical disease.94 Typical clinical signs include abnormal behavior with progressive 

ataxia, dysphagia, and proprioceptive and reflex deficits.126 In some cases, signs include 

alternating episodes of depression and excitability, paralysis, and death.26,130 On rare occasions, 

when recovery occurs, it is often accompanied by lifelong altered behavior.32 
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Experimental reproduction of the disease in mammals results in a wide range of clinical 

disease depending on species, age, immunocompetence, and inoculation route. In rabbits, BoDV 

infection almost always results in acute fatal encephalitis.137 In adult Lewis rats infected by an 

intracerebral route, disease is characterized by a biphasic neurologic disorder. Rats initially 

exhibit episodes of frenzied aggressive behavior with exaggerated motor responses to stimuli, 

paresis or paralysis, which may be followed by death. In surviving animals, a second phase of 

the disease includes episodes of inactivity, depression, and in some cases blindness and obesity.86 

However, newborn immunoincompetent Lewis rats, infected intracerebrally do not develop 

clinical signs.86 

For several years, it was thought that mice infected with BoDV did not develop clinical 

disease. Experimental infection of adult mice did not induce clinical signs or lesions despite high 

viral titers in the brain.58 Neurologic disease, characterized by paraparesis, was later induced in 

newborn mice, most severely in the Murphy Roths Large (MRL) strain  of mice.41 

1.2.4 Gross and histological findings 

There are no characteristic gross findings in BoDV-infected mammals. Typical histologic 

findings are of a non-suppurative meningoencephalomyelitis characterized by lymphocytic 

infiltration and aggregates of virus-specific material within neuron nuclei forming characteristic 

spherical eosinophilic inclusion bodies, known as Joest-Degen inclusion bodies.26,68,102 

1.2.5 Pathogenesis 

The natural transmission route of BoDV, although unproven, is suspected to be 

intranasal. This route allows the virus to reach the brain by intra-axonal migration through the 

olfactory nerves.105 Infectious BoDV has been isolated in saliva, conjunctival and nasal 

secretions of diseased and asymptomatic, antibody positive, horses and sheep; supporting the 
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notion that transmission might occur via excretions and the olfactory route.50,101,126 Vertical 

transmission may also occur, and is suspected in a natural case from a pregnant mare to her 

fetus.40 

The frequency of Borna disease cases increases in the summer, suggesting that seasonal 

environmental factors may influence transmission.68 Screening of small mammals in endemic 

regions of Europe for a possible reservoir host has detected BoDV in bicolored white-toothed 

shrews. Infected shrews show no clinical signs nor inflammation of the nervous system, despite a 

wide distribution of the virus within tissues. Additionally, viral shedding has been demonstrated 

in urine, feces, and saliva, suggesting that shrews could act as a reservoir host for BoDV.52,88 

Experimentally, BoDV can induce disease in mammals by a variety of inoculation routes. 

In rats, disease occurs most efficiently intranasally and intracerebrally (within 20 days post 

infection [dpi]), however intramuscular, subcutaneous, and intradermal routes have also been 

demonstrated.11 Intragastric is not effective at reproducing infection or disease and intravenous 

inoculation is only occasionally effective at reproducing infection and disease after a long 

incubation period (54 days). However, serum antibodies do develop in intravenous inoculation.11 

Since BoDV is a neurotropic virus, the inefficiency of the intravenous route was hypothesized to 

be a result of lack of exposure of the virus to nerve endings.11 The strict tropism for neuronal 

tissues and importance of the neural conduit in the BoDV pathogenesis was proven by failure to 

reproduce infection or disease after inoculation of the virus into the foot of a neurectomized 

(transected sciatic nerve) rat.11 

After successful experimental inoculation of rats, virus antigen is often detected in high 

concentrations in the cerebrospinal fluid, brain, retina, peripheral nerves, and adrenal gland, and 

shed in urine and saliva (confirmed by immunohistochemistry [IHC]/immunofluorescence 
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[IF]).11,86,111 In addition to horizontal transmission, vertical transmission of BoDV has been 

observed experimentally in mice.89  

BoDV is a neurotropic virus that replicates initially in the neurons located at the site of 

entry where it migrates intra-axonally in an antegrade or retrograde direction towards the central 

nervous system (CNS).11,105 Once in the brain, the virus replicates in neurons, astrocytes, 

oligodendrocytes, and ependymal cells.13 Intra-axonal spread was demonstrated using IHC by 

intranasal inoculation of the rat. BoDV was shown to initially replicate in the neuroreceptor cells 

of the olfactory epithelium, gain access to the cells of the main olfactory bulb, and spread to the 

brain.11 Additionally, in experimentally infected rabbits, where retinitis is a common sequela to 

BoDV infection, centrifugal spread of the virus can be demonstrated through the optic nerve 

after intracranial inoculation.66 

The incubation period, or time until clinical signs are evident, is variable and seems to be 

determined by the time required for the virus to be transmitted to nervous tissue. In a study of 

BoDV inoculation routes in the rat, inoculation in the foot pad of a rat with an intact sciatic nerve 

resulted in a 50 to 60 day incubation period, while intracranial inoculation resulted in only a 20 

day incubation period.11 

1.2.6 Immunopathogenesis 

The immune system has long been proposed as an important feature in the pathogenesis 

of Borna disease due to the simultaneous presence of chronic BoDV infection and serum BoDV 

antibodies.77 However, antibodies to BoDV do not seem to play a protective role in Borna 

disease. Despite prior immunization and development of antibody titers, over 90 % of 

intranasally inoculated rats became infected and developed clinical signs.12 Titers in horses and 

sheep are low and neutralizing antibodies are often detected late in infection. In horses antibody 
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prevalence among healthy animals in Germany has been reported to be approximately 10 %, 

which increases to 20 % in areas where the disease is endemic.50,103 In sheep, antibody prevalence 

among flocks in endemic areas has been reported up to 19.4 % with the highest titers occurring 

in the spring and summer.126 

In both naturally and experimentally infected mammals, infiltration of mononuclear 

immune cells in the CNS is the typical histologic finding. The presence of these immune cells 

has been correlated with the onset and severity of Borna disease clinical signs.86 In 

experimentally infected rats, these mononuclear cells are composed of CD4+ T cells, CD8+ T 

cells, macrophages, and B cells. The host immune system response to BoDV is believed to be 

based on a T cell-mediated immune reaction.121,133 This has been demonstrated in rats inoculated 

with BoDV at one-day-of-age, when immunologically immature, and rats inoculated with BoDV 

at four-weeks-of-age and given cyclophosphamide one day later. In both experiments, BoDV 

replicated and established persistent infection in the CNS, however there was no development of 

associated clinical, or gross and histologic lesions.44,86 In addition, athymic nude rats and 

thymectomized rats treated with antibodies to deplete T cells showed decrease and even 

prevention of the inflammatory reaction associated with BoDV in the nervous tissue and no 

clinical signs despite high titers of infectious virus in the CNS.51,122 These experimental models 

demonstrate the importance of inflammatory T cells in the development of Borna disease. 

 During BoDV infection, increased transcription of cytokines has been shown to correlate 

with the degree of inflammatory reactions and severity of neurological signs suggesting that 

production of certain proinflammatory cytokines may also contribute to the development of 

disease.115 In vivo BoDV is highly sensitive to type 1 interferon (IFN), an important antiviral 

cytokine. Thus, BoDV in vivo must have a strategy to survive in the host cell and establish a 
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persistent infection. BoDV has been suggested to suppress IFN through TANK-binding kinase 1 

(TBK-1) associated BoDV P protein, but the exact mechanism has not been completely 

elucidated.73 Bornaviruses also further replicate using genomic and antigenomic viral RNAs with 

trimmed 5ʹ ends that contain monophosphorylated rather than triphosphorylated terminal 

nucleotides. Monophosphorylated molecules are not recognized by the retinoic acid-inducible 

gene I (RIG-I), a cytosolic RNA sensor that triggers host innate immune responses.114 In 

addition, BoDV infections evade the host immune system by producing an extremely low 

number of infectious particles per cell, although the cells express high BoDV RNA and high 

protein levels.125 

1.3 Avian Bornavirus and Proventricular Dilatation Disease 

1.3.1 History and etiology 

Proventricular dilatation disease (PDD), a potentially fatal disease of psittacine birds, was 

first described in the late 1970s in captive macaws exported to Europe and North America. The 

disease was originally named “macaw wasting disease” due to the characteristic progressive 

weight loss seen in affected birds.54,80 Due to the potential for disease outbreaks, PDD was of 

great concern in aviaries and captive bird collections.62 

A viral etiology of PDD was long suspected. The first evidence of a virus was 

demonstrated with transmission electron microscopy showing inclusion bodies and enveloped 

virus-like particles in the myenteric plexus and celiac ganglion of PDD affected birds.80 In 2008, 

using pyrosequencing, a pan-viral microarray approach and conventional PCR, two independent 

research groups isolated and identified a group of new bornaviruses from parrots exhibiting 

PDD, known collectively as avian bornavirus (ABV).53,61 Bornavirus antigen was present in 

many organs of parrots with clinically diagnosed PDD but absent in healthy birds, as assessed by 
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IHC.27,61 Bornaviruses in avian hosts share only ~65 % nucleotide sequence homology with 

mammalian BoDV-1.67 

1.3.2 Host range 

PDD has been described in over 50 species of Psittaciformes worldwide.25,35,48,118 This 

includes members of the families Cacatuidae (i.e. cockatoos and cockatiels) and Psittacidae (i.e. 

lovebirds, macaws, parakeets, parrots, Amazon parrots, and conures).35 PDD has also been 

described in several non-psittacine species including passerines, honey creepers, toucans, raptors, 

a long-wattled umbrella bird, a bearded barbet, and a Himalayan monal.7,54,95,118  

1.3.3 Clinical signs  

Typical clinical signs of PDD include depression, anorexia, progressive weight loss, and 

often pectoral muscle atrophy.80 In addition, regurgitation and undigested seeds in feces may be 

identified. In some cases, similar to BoDV in mammals, there are CNS signs such as seizures, 

ataxia, abnormal head movements, reduced proprioceptive deficits, paralysis, and occasionally 

blindness.34,120 Gastrointestinal signs and neurologic signs may occur concurrently or separately.4 

Death often ensues due to starvation or sepsis.35 

1.3.4 Gross and histological findings 

At necropsy these birds are in poor body condition and often have a distended 

proventriculus and/or ventriculus impacted with feed. The impaction may extend up the 

esophagus or down the duodenum. The wall of the proventriculus may appear thin, with 

ulcerations and hemorrhages of the mucosa.80 Typical histologic findings include 

lymphoplasmacytic infiltrates in the myenteric ganglia of the proventriculus and ventriculus. 

Similar infiltrates may also be seen in the brain, spinal cord, and peripheral nerves, characterized 
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by perivascular cuffing.35 Lymphoplasmacytic myocarditis, as a feature of PDD, has also been 

described.4,127  

1.3.5 Pathogenesis 

Horizontal transmission of PDD was long considered likely, given the fact that multiple 

birds in a single aviary would become infected. Urofecal-oral transmission of parrot bornavirus 4 

(PaBV-4) was confirmed by unintentional exposure of mallards by ingestion of droppings from 

infected cockatiels housed in the same aviary, and again based on the evidence provided from an 

outbreak of PDD in a naive aviary after introduction of one bird confirmed to be infected with 

parrot bornavirus 2 (PaBV-2).54,62 Although horizontal transmission has been demonstrated, it 

appears to be inefficient, since some birds exposed naturally or experimentally remain virus-

negative for months or years and cage mates can remain unaffected.25,49,63,107 There is also the 

potential for vertical transmission as avian bornavirus RNA has been detected in psittacine eggs, 

embryos, and hatchlings.59,74,83 

Virus has been demonstrated to shed from the choana and nares, and in droppings of 

birds but typically shedding is intermittent and varies greatly between individuals.45,93 In 

addition, apparently healthy birds have been shown to have detectable ABV RNA levels in their 

feces, identifying a carrier state.128 Once infected, ABV has been demonstrated to move through 

neurons by axonal transport, similar to BoDV in mammals by inoculation of PBV-2 in the 

pectoral muscle of cockatiels. This resulted in successful PDD infection, and identification of 

virus in the brain by 25 dpi.3  

 Immunohistochemical analysis has identified virus within nervous tissue and also non-

nervous tissue, of birds infected with and showing clinical signs of PDD, demonstrating that the 

virus is not restricted to cells of the nervous system. This finding suggests avian bornaviruses 
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exhibit a broad tissue and cell tropism that differs from the predominantly neurotropic nature of 

BoDV in mammals.100,104,132  

 Antibodies to ABV can be detected in both sick and asymptomatic birds and do not 

appear to play a protective role.121 However, not all infected birds produce detectable antibodies. 

Some symptomatic PDD-positive birds die in spite of having high-titer antibodies against ABV 

in combination with a high viral RNA load in crop and cloaca. This suggests, as in mammals, 

that humoral immunity is not protective against ABV.49 This is further supported by a study of 

seropositive, asymptomatic cockatiels naturally infected with PaBV-4 that showed unusually 

severe PDD clinical signs and lesions after inoculation with a virulent isolate of the same 

genotype. This shows that prior infection with ABV did not confer significant immunity in these 

birds.92 

1.3.6 Experimental models in avian species 

There have been a number of experimental models used in the characterization of BoDV 

in mammals and similar models have been used for characterization of ABV pathogenesis in 

avian species. A summary of avian experimental models is found in Table 1-2. The first attempt 

at experimental infection of an avian species with a bornavirus was in 1973 by Ludwig and 

colleagues in chickens.76 One-day-old chicks were inoculated intracranially with brain 

homogenate from BoDV-infected rabbits. All chicks (100 %) developed neurologic signs 

including paralysis of legs and wings, beginning at 35 dpi. None of the control birds showed 

neurologic signs for the duration of the experiment. All birds examined histologically had 

characteristic intranuclear Joest-Degen inclusion bodies. This study was the first known 

demonstration of BoDV infection in avian species.  
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 In 2009, Gancz and colleagues demonstrated experimental infection of ABV in 

cockatiels, fulfilling Koch-postulates.27 Using brain homogenate from a confirmed PaBV-4 

positive psittacine with clinical PDD, 3 cockatiels were inoculated with the virus using a 

combination of intramuscular, intraocular, intranasal, and oral routes. Two of the birds developed 

clinicals signs of PDD 3 to 4 weeks after inoculation and all 3 birds showed typical 

lymphoplasmacytic infiltrates in the myenteric ganglia and variable degree of 

lymphoplasmacytic infiltrates in the brain and spinal cord. Viral RNA was isolated using real 

time-polymerase chain reaction (RT-PCR) from the gastrointestinal tract, CNS, peripheral 

nerves, kidney, heart, spleen, and pancreas. Viral particles were further visualized by IHC in the 

brain and myenteric plexus. Cloacal viral shedding was identified at 85 dpi. Two control 

cockatiels remained free of clinical and pathological signs of PDD and tested negative by RT-

PCR and IHC. Similarly, in 2010, Gray and colleagues demonstrated inoculation of PaBV-4, in 

two Patagonian conures using an intramuscular inoculation route.34 Both birds developed typical 

gross and histologic lesions and were confirmed PaBV infected by RT-PCR of the brain. Viral 

shedding in feces was also identified by 60 dpi and seroconversion occurred as soon as 33 dpi.  

 In 2009, Gray and colleagues also attempted experimental infection of ABV in non-

psittacine birds. Cultured PaBV-4 was inoculated into 4 day-old mallard ducklings by one of 

three inoculation routes: intramuscular, intraocular, and oral.33 No clinical signs were observed 

during the study and euthanasia between 3 and 8 months yielded no gross or histologic lesions. 

However, the ducks shed the virus in their feces. In addition, the birds developed antibodies to 

ABV N-protein by 3 weeks post infection (wpi). A similar study, occurring shortly after, by 

Payne and colleagues, using mallard ducklings under the same experimental conditions described 

similar findings.91 Clinical signs did not develop, nor were there gross or histologic lesions 
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compatible with PDD. However, virus was shed in the feces and the birds had seroconverted by 

the end of the experiment (140 dpi). In addition, a duck from each group, necropsied at 40 dpi, 

was polymerase chain reaction (PCR) positive for viral RNA in brain tissue. 

Another study done in non-psittacine birds was performed by Rubbenstroth and 

colleagues in subadult canaries using combinations of inoculation routes for canary bornavirus 2 

(CnBV-2): intramuscular, subcutaneous, oral, and oculonasal.108 Similarly, these birds did not 

develop clinical signs of disease nor have gross or histologic lesions. However, 13 of 14 brain 

samples tested positive for CnBV-2 by RT-PCR, 11 of 14 brain sections were positive by CnBV-

2 IHC, and viral cloacal shedding was detected as soon as 7 dpi. The majority of canaries (9/14) 

had also seroconverted by the end of the experiment. Rubbenstroth and colleagues performed a 

similar experiment in 7 to 11 month-old canaries using canary bornavirus 1 (CnBV-1).107 Six 

canaries were inoculated by intramuscular, subcutaneous, oral, and oculonasal routes. Again, 

birds did not develop clinical signs and were euthanized at the end of the 154 day study. While 

there were no gross lesions, 4 out of 6 birds had characteristic lymphoplasmacytic infiltration in 

the peripheral ganglia and 2 of these birds also had mild lymphoplasmacytic perivascular cuffing 

in the brain. Both these studies suggest that canaries may be less susceptible to ABV-induced 

disease as compared to psittacine birds.  

 In 2012, Piepenbring demonstrated ABV infection of cockatiels by intracranial and 

intravenous inoculation using virus isolated from the brain of an infected scarlet macaw (PaBV-

4).97 Eighteen cockatiels were inoculated, 9 intracranially and 9 intravenously. Clinical signs of 

disease were seen in 2/9 intracranial birds and 3/9 intravenous birds, beginning at 33 and 116 

dpi, respectively. ABV RNA was detected in crop and cloacal swab specimens from inoculated 

birds a few days earlier in the intracranial group (19–29 dpi) in comparison to the intravenous 
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group (25–75 dpi). This agrees with findings of BoDV in rats, with the intracranial route being 

the most efficient route for reproduction of disease.11  

Piepenbring and colleagues also did a similar study under the same conditions as the 

previous using PaBV-2.98 Comparable to PaBV-4, ABV RNA was detected in the brain, multiple 

other tissues, and the crop and cloacal swabs. Seroconversion occurred in all birds, from 6 dpi 

onwards. In contrast to PaBV-4, more birds in this study displayed clinical signs attributed to 

infection with 6/9 intracranial birds and 6/9 intravenous birds, beginning at 22 and 43 dpi, 

respectively. The disease progression was also described as being more severe with primarily 

gastrointestinal signs (i.e. reduced general condition, body weight, and diarrhea). Ten birds had a 

dilated proventriculus and 5 birds died during the experiment in comparison to only 2 birds in the 

previous study. The findings from these studies suggest that the disease patterns differ between 

PaBV-4 and PaBV-2 infection. 

 In 2013, Rubbenstroth and colleagues attempted to demonstrate horizontal transfer of 

ABV in both psittacine and non-psittacine species.107 Young canaries and cockatiels acting as 

contact-birds in this study did not develop signs of clinical, gross, or histologic disease of PDD 

even after 18 weeks of being housed with infected birds with confirmed viral shedding. In 

addition, viral RNA was not detected in cloacal swabs or organ samples of contact birds. These 

results indicate that horizontal transmission by direct contact may be inefficient in 

immunocompetent fully fledged canaries and cockatiels. 

 Heckmann and colleagues attempted to investigate the suspected natural route of ABV 

infection by oral and intranasal inoculation of cockatiels with PaBV-4.47 Nine birds were 

inoculated orally and 9 birds were inoculated intranasally. The birds were observed for 6 months. 

No clinical signs, gross, or histologic lesions were identified in any birds from either inoculation 
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group. In addition, PaBV-4 antigen was not detected in any of the tested organs. These results do 

not support the current suspicion that the natural route of infection of PDD is fecal-oral, at least 

in immunocompetent subadult cockatiels. 

 Heckmann and colleagues also investigated the possibility of wounds being a natural 

route of infection.46 Nine cockatiels were inoculated with PaBV-4 through wounds of the palate 

and 9 cockatiels were inoculated into the footpad. Throughout the 6 month study, no clinical 

signs were observed in either inoculation group. Seroconversion or PaBV RNA shedding was not 

seen and virus re-isolation was not successful. PaBV-4 RNA was not found in the brain of any of 

the birds and only found in sciatic nerves, footpad tissue, skin, and in one sample from the 

intestine. In the footpad inoculation group there were mononuclear infiltrations in the skin and 

footpad tissues, and positive IHC reactivity in spinal ganglia, spinal cord, and weakly positive 

reactivity in the skin, footpad tissues, and sciatic nerves. These findings suggest that skin wounds 

could be a primary entry route for ABV. 

 Finally, Gartner and colleagues investigated the effects of age and thus the maturation of 

the immune system on the pathogenesis of ABV. Two groups of 11 cockatiels at two age groups 

(adult and newly hatched) were inoculated intravenously with PaBV-4. All birds in both groups 

seroconverted and shed PaBV-RNA, with the juvenile group shedding slightly earlier at 27 dpi in 

comparison to 31 dpi in the adult group. None of the juvenile birds developed clinical signs or 

showed dilation of the proventriculus while 9 of 11 adults showed clinical signs and 8 of these 

birds showed dilation of the proventriculus. All adult birds had characteristic mononuclear 

infiltrates in the brain in comparison to only 5/11 juvenile birds. PaBV-RNA was detected in the 

brain of all birds and multiple other organs. This study suggests that PaBV infection in young 
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birds, at an age with a more naïve immune system, affects the development of clinical signs and 

gross lesions and might favor a carrier state.  

1.4 Avian Bornavirus in Waterfowl 

1.4.1 History and etiology 

In 2009, Delnatte and colleagues identified a novel genotype of ABV in association with 

non-suppurative inflammation in the central, peripheral, and autonomic systems in a number of 

wild, free-ranging Canada geese and trumpeter swans in southern Ontario.21 In a retrospective 

evaluation of Canada geese and trumpeter swans found at the Toronto Zoo site or submitted to 

the Canadian Cooperative Wildlife Health Center, 57 cases met selection criteria for a diagnosis 

of a neuropathology without a specific etiologic agent identified. Brains of 23 geese and 6 swans 

tested positive for ABV by IHC. Thirty-five of 41 frozen goose brains tested positive for ABV 

by RT-PCR. Positive RT-PCR products were sequenced and their nucleotide sequences were 100 

% identical to each other yet the N gene sequences from these waterfowl clustered separately 

from those of psittacines, identifying a different viral species.21 This new strain was initially 

designated as avian bornavirus Canada geese (ABV-CG) due to the high prevalence in Canada 

geese but was later renamed aquatic bird bornavirus (ABBV).67 

A second slightly different waterfowl-associated virus was isolated in North American 

ducks (mallards and a wood duck) in 2014 with 72 % nucleotide and 83 % amino acid identity 

with the strain identified by Delnatte and colleagues.38 Thus the new genotypes were grouped 

into the species Waterbird 1 orthobornavirus and designated aquatic bird bornavirus 1 (ABBV-1) 

typical of Canada geese and aquatic bird bornavirus 2 (ABBV-2) identified in mallards.2 

Phylogenetic analysis indicates that ABBV diverges from other bornaviruses by approximately 

20–30 % and is no more related to other avian bornaviruses than to BoDV.91 
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1.4.2 Host range 

In 1991, Daoust and colleagues described two wild Canada geese submitted for necropsy 

at the Diagnostic Laboratory of the Atlantic Veterinary College to have severe proventricular 

feed impaction, non-suppurative encephalomyelitis, and ganglioneuritis, similar to, at the time, 

the recently identified PDD in psittacines.18 The etiology of these birds was never determined but 

these birds may be the first reports of ABBV.  

Since the isolation of ABBV-1 in Canada geese and trumpeter swans the virus has been 

identified across North America in at least 12 free-ranging avian species including species 

outside the order of Anseriformes such as gulls and bald eagles.21,36,39,91,94 Recently ABBV-1 has 

also been identified in three additional species of wild geese in Denmark and a captive emu with 

subtle nervous signs at the Toronto Zoo.87,124 A summary of free-ranging avian species ABBV-1 

has been isolated from is found in Table 1-3. 

1.4.3 Prevalence 

RT-PCR of choanal/cloacal swabs and brain samples have been used to screen free-

ranging presumed healthy (hunter killed or euthanized for population management purposes) 

Canada geese populations for ABBV-1 in the United States. Up to 2.9 % (12/409) of swab 

samples from 5 different states (Minnesota, New York, New Hampshire, Oregon, Washington) 

were positive and 44 % (11/25) of brain samples from a single New Jersey flock were positive.93 

Similarly, in healthy mute swans from northeastern United States, 6.4 % (14/219) of swab 

samples and 23 % (45/192) of brain samples were positive by RT-PCR. 

 Prevalence of antibodies and presence of ABBV-1 viral RNA in the cloacal secretions 

from healthy free-ranging waterfowl were also investigated in multiple locations in Canada.22 

The overall prevalence of antibodies to ABBV-1 was 58 % (117/203) of Canada geese, 71 % 
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(53/75) of mute swans, 62 % (81/130) of trumpeter swans, and 23 % (21/92) of mallards. 

Thirteen percent of geese caught at the Toronto Zoo site were shedding ABBV-1 RNA in feces.22 

1.4.4 Clinical, gross, and histological findings 

In natural infection of ABBV-1, clinical signs, gross, and histologic findings are very 

similar to those of PDD.24,27 Neurologic disease and weakness is typical but in many cases these 

birds are found dead and submitted for necropsy in poor body condition and may have feed 

impactions of the proventriculus and ventriculus.85 Histologic findings include non-suppurative 

inflammation of the central, peripheral, and autonomic nervous system with lymphoplasmacytic 

perivascular cuffing of the CNS and less frequently focal and diffuse gliosis. The most 

commonly affected parts of the brain appear to be the cerebrum and brainstem. In addition, in 

some cases lymphoplasmacytic infiltrates may be identified in myenteric nerves or ganglia, 

peripheral nerves, and the spinal cord.24 

1.4.5 Experimental model in waterfowl 

Up to this point, only one in vivo experimental infection with ABBV-1 has been 

described. Delnatte and colleagues sought to determine whether immature domestic chickens, 

Pekin ducks, and Embden geese are susceptible to ABBV-1.20 Thirteen birds of each species 

were inoculated intramuscularly into the pectoralis muscle using 0.5 mL of brain homogenate 

from two ABBV-1 infected Canada geese, confirmed positive by RT-PCR and IHC. No 

significant clinical signs were observed in any of the birds. The brain, cervical spinal cord, 

adrenal, kidney, and pancreas of all experimental and control chickens, ducks, and geese were 

negative for ABBV by IHC and the frozen brains were negative for ABBV by RT-PCR. Mild to 

moderate non-suppurative encephalitis was present in 4 of 13 geese. However, 6 of 13 control 

geese, sampled at the same time points had similar histologic lesions, as did 3 of 8 geese 
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euthanized prior to inoculation. The authors suggested that these histologic lesions without any 

other evidence of ABBV infection may be due to the presence of a non- or poorly-pathogenic 

neurotropic virus that was present at the hatchery and infected the birds prior to the start of the 

experiment. Brain homogenates containing ABBV-1 did not result in infection of chickens, 

ducks, or geese. The author suggests that the quantity of virus inoculated may have been 

insufficient to cause disease. The brain homogenate used for inoculation tested positive by RT-

PCR several times with consistently low Cp suggesting it contained high viral loads. Since 

cultured ABBV-1 was not used, viral titration of the inoculum was not possible.  

1.4.6 Significance  

Since the identification of ABBV a decade ago, the pathogenesis of ABBV still remains 

largely unknown. Although ABBV seems to share many similarities with PDD of psittacine 

birds, understanding the pathogenesis is important to determining the risk of this virus to the host 

and other avian species including the commercial poultry industry. More precisely there is a need 

to investigate the course of clinical signs, seroconversion, gross, and histological lesions, virus 

shedding and the distribution of virus in the tissues of affected birds. 

1.5 Rationale and Objectives 

1.5.1 Gaps of knowledge 

This project is motivated by current insufficient knowledge of the pathogenesis of 

ABBV-1 and its potential to infect and cause disease in avian species of importance to the 

poultry industry (i.e. chickens and ducks). To our knowledge, there have been no reports of 

natural infection with ABBV-1 in poultry species. Given the wide host range of bornaviruses, 

however, the risk of infection of poultry appears high. In addition, to date, an in vivo 

experimental model has not been used to successfully characterize ABBV-1 pathogenicity in 
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waterfowl hosts. The course of clinical signs, timing of seroconversion, gross and histologic 

lesions, timing of viral shedding, and the distribution of virus in tissues of affected birds has yet 

to be elucidated. 

1.5.2 Hypotheses 

The hypotheses for this thesis include:  

1) Muscovy ducks are an appropriate representative species of the order 

Anseriformes that can be used as a model to study ABBV-1 infection and 

pathogenesis in vivo. 

2) Commercial poultry in the Galliformes order (i.e. chickens) are susceptible to 

ABBV-1 infection and disease development in vivo.  

3) Different routes of inoculation affect ABBV-1 replication and pathogenesis in 

chickens and ducks. 

1.5.3 Objectives 

To explore these hypotheses, the objectives were as follows: 

1) Characterize the pathogenesis of ABBV-1 in Muscovy ducks (Cairina moschata), 

a representative waterfowl species. We inoculated 160, two-day-old ducklings, 

through one of four inoculation routes: intracranial (n =40), intramuscular (n = 

40), oral (n = 40), sham-inoculated (n = 40). Ten birds from each inoculation 

group were euthanized at 1, 4, 8, and 12 wpi and sampled for histopathology (n = 

3) or RT-qPCR (n = 7). Blood for serology and choanal/cloacal swabs for 

assessment of viral shedding were collected from each bird.  

2) Characterize the pathogenesis of ABBV-1 in White Leghorn chickens (Gallus 

gallus domesticus), a representative species of the order Galliformes and one that 



 
 

22 

 

is of importance to the poultry industry. We inoculated 160, two-day-old 

ducklings, through one of four inoculation routes: intracranial (n =40), 

intramuscular (n = 40), oral (n = 40), sham-inoculated (n = 40). Ten birds from 

each inoculation group were euthanized at 1, 4, 8, and 12 wpi and sampled for 

histopathology (n = 3) or RT-qPCR (n = 7). Blood for serology and 

choanal/cloacal swabs for assessment of viral shedding were collected from each 

bird.  
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1.6 Tables 
 
Table 1-1: Current organization of the Bornaviridae family, including genera, species, and 
viral genotypes. Modified from Amarasinghe et al. 2019. 

Family Bornaviridae   
Genus Species Virus (Abbreviation) 
Carbovirus Queensland carbovirus  jungle carpet python virus (JCPV) 
 Southwest carbovirus southwest carpet python virus (SWCPV) 
Cultervirus Sharpbelly cultervirus Wǔhàn sharpbelly bornavirus (WhSBV) 
Orthobornavirus Elapid 1 orthobornavirus Loveridge's garter snake virus 1 (LGSV-1) 
 Mammalian 1 orthobornavirus Borna disease virus 1 (BoDV-1) 
  Borna disease virus 2 (BoDV-2) 
 Mammalian 2 orthobornavirus variegated squirrel bornavirus 1 (VSBV-1) 
 Passeriform 1 orthobornavirus canary bornavirus 1 (CnBV-1) 
  canary bornavirus 2 (CnBV-2) 
  canary bornavirus 3 (CnBV-3) 
 Passeriform 2 orthobornavirus estrildid finch bornavirus 1 (EsBV-1) 
 Psittaciform 1 orthobornavirus parrot bornavirus 1 (PaBV-1) 
  parrot bornavirus 2 (PaBV-2) 
  parrot bornavirus 3 (PaBV-3) 
  parrot bornavirus 4 (PaBV-4) 
  parrot bornavirus 7 (PaBV-7) 
 Psittaciform 2 orthobornavirus parrot bornavirus 5 (PaBV-5) 
 Waterbird 1 orthobornavirus aquatic bird bornavirus 1 (ABBV-1) 
    aquatic bird bornavirus 2 (ABBV-2) 
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Table 1-2: Summary of previous studies demonstrating in vivo experimental models of bornaviruses in avian species. 
Reference Genus species, 

Common name Inoculum Inoculation route(s) Age Clinical signs Gross Histology 
(H&E) 

IHC 
(brain) 

RT-PCR 
(brain) 

Shedding 
(choanal/cloacal) Seroconversion 

Ludwig et al. 
1973 

Gallus gallus, 
Domestic chicken BoDV IC 1 d + (13/13, 35 dpi) NA + (9/9) NA NA NA + (3/3) 

Gancz et al. 
2009 

Nymphicus hollandicus, 
Cockatiel PaBV-4 All: IM, IO, IN, PO U + (2/3, 21 dpi) + (3/3) + (3/3) + (3/3) + (3/3) + (2/3, 85 dpi) NA 

Gray et al. 
2009 

Anas platyrhynchos, 
Mallard 

PaBV-4 IM 4 d - - - NA NA + + 

PaBV-4 IO 4 d - - - NA NA + + 

PaBV-4 PO 4 d - - - NA NA + + 
Gray et al. 
2010 

Cyanoliseus patagonis, 
Patagonian conure PaBV-4 IM Adult + (2/2, 66 dpi) + (2/2) + (2/2) NA + (2/2) + (2/2, 60 dpi) + (2/2, 33 dpi) 

Mirhosseini 
et al. 2011 

Nymphicus hollandicus, 
Cockatiel PaBV-2 All: IM, PO Adult + (2/2, 33 dpi) + (1/2) + (2/2) NA + (2/2) NA NA 

Payne et al. 
2011 

Nymphicus hollandicus, 
Cockatiel PaBV-4 All: IM, PO Adult + (3/4, 92 dpi) + (3/4) + (3/4) + + (4/4) + (4/4) + (4/4, 8 dpi) 

Payne et al. 
2012 

Anas platyrhynchos, 
Mallard 

PaBV-4 IM 3–5 d - - - - + (3/3) + + (2/2, 140 dpi) 

PaBV-4 PO 3–5 d - - - - + (3/3) + + (2/2, 140 dpi) 

PaBV-4 IO 3–5 d - - - - + (3/3) + + (2/2, 140 dpi) 

Piepenbring 
et al. 2012 

Nymphicus hollandicus, 
Cockatiel 

PaBV-4 IC U + (2/9, 33 dpi) + (3/9) + (9/9) + (9/9) + (9/9) + (9/9, 19 dpi) + (9/9, 7 dpi) 

PaBV-4 IV U + (3/9, 116 dpi) + (4/9) + (9/9) + (9/9) + (9/9) + (9/9, 25 dpi) + (9/9, 29 dpi) 

Rubbenstroth 
et al. 2013 

Serinus canaria forma 
domestica, Canary 

CnBV-2 All: IM, SQ Subadult - - - + (6/7) + (6/7) + (7/7, 7 dpi) + (6/7) 

CnBV-2 All: PO, ON Subadult - - - + (5/7) + (7/7) + (7/7, 7 dpi) + (3/7) 

Rubbenstroth 
et al. 2014 

Serinus canaria forma 
domestica, Canary CnBV-1 All: IM, SQ, PO, ON 7–11 m - - + (4/6) NA + (5/6) + (5/6, 7 dpi) + (5/6) 

Nymphicus hollandicus, 
Cockatiel PaBV-4 All: IM, SQ, PO, ON 2–7 m + (3/4, 70 dpi) + (2/4) + (4/4) NA + (4/4) + (4/4, 35 dpi) + (4/4, 28 dpi) 

Piepenbring 
et al. 2016 

Nymphicus hollandicus, 
Cockatiel 

PaBV-2 IC 3–7 m + (6/9, 22 dpi) + (6/9) + (9/9) + (8/9) + (9/9) + (8/9, 27 dpi) + (9/9, 6 dpi) 

PaBV-2 IV 3–7 m + (6/9, 43 dpi) + (4/9) + (9/9) + (6/9) + (9/9) + (7/9, 43 dpi) + (9/9, 20 dpi) 

Heckmann  
et al. 2017 

Nymphicus hollandicus, 
Cockatiel 

PaBV-4 PO 3–5 m - - - - - + (1/9, 1 dpi) - 

PaBV-4 IN 3–5 m - - - - - + (3/9, 4 dpi) - 

Heckmann  
et al. 2020 

Nymphicus hollandicus, 
Cockatiel 

PaBV-4 Palate 3–5 m - - - - - - - 

PaBV-4 Footpad 3–5 m - - + (2/3) - - - - 

Gartner et al. 
2021 

Nymphicus hollandicus, 
Cockatiel 

PaBV-4 IV 1–6 d + (1/11, 56 dpi) - + (5/11) + (11/11) + (11/11) + (11/11, 27 dpi) + (11/11, 36 dpi) 

PaBV-4 IV 1–5 y + (9/11, 34 dpi) + (8/11) + (11/11) + (11/11) + (11/11) + (11/11, 31 dpi) + (11/11, 36 dpi) 
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IHC = immunohistochemistry; H&E = hematoxylin & eosin; RT-PCR = reverse transcriptase polymerase chain reaction; "+" = positive test/finding consistent 
with bornavirus infection; "-" = negative result/finding; NA = test/finding not evaluated or not known; "x / x" = number of birds that tested positive / total 
number of birds tested; dpi = days post infection; d = days old; m = months old; y = years old; U = unknown age; BoDV = Borna disease virus; PaBV-4 = parrot 
bornavirus 4; PaBV-2 = parrot bornavirus 2; CnBV-1 = canary bornavirus 1; CnBV-2 = canary bornavirus 2; IC = intracranial; IM = intramuscular; IO = 
intraocular; IN = intranasal; PO = per os (oral); SQ = subcutaneous; ON = oculonasal; All = each bird was inoculated with all routes listed. 
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Table 1-3: Summary of aquatic bird bornavirus 1 (ABBV-1) in various free-ranging avian species. Diagnosis confirmed by 
RT-PCR of brain tissue. 

Reference Order Genus species, Common name Location Health status Gross  Histology 
(H&E) 

IHC 
(brain) 

RT-PCR 
(brain) 

 Shedding 
(choanal/cloacal) 

Delnatte et al. 2011 Anseriformes Branta canadensis, Canada goose Ontario, CA Diseased NA + + + NA 

Delnatte et al. 2011 Anseriformes Cygnus buccinator, Trumpeter swan Ontario, CA Diseased NA + + + NA 

Payne et al. 201293 Anseriformes Branta canadensis, Canada goose Multiple locations, U.S. Healthy NA NA NA + (11/25) + (12/409) 

Payne et al. 201291 Anseriformes Chen caerulescens, Snow goose Southern U.S. Healthy NA NA NA + (22/115) NA 

Payne et al. 201291 Anseriformes Chen rossii, Ross's goose Southern U.S. Healthy NA NA NA + (6/58) NA 

Guo et al. 2012 Anseriformes Cygnus olor, Mute swan Northeastern U.S. Healthy NA NA NA + (45/192) + (14/219) 

Payne et al. 201294 Accipitriformes Hallaeetus leucocephalus, Bald eagle Texas, U.S. Diseased - + NA + (1/1) NA 

Delnatte et al. 2013 Anseriformes Branta canadensis, Canada goose Ontario, CA Diseased + (31/41) + (35/41) + (23/41) + (35/41) + (1/3) 

Delnatte et al. 2013 Anseriformes Cygnus buccinator, Trumpeter swan Ontario, CA Diseased + (5/8) + (8/8) + (6/8) + (7/8)^ NA 

Delnatte et al. 2013 Anseriformes Cygnus olor, Mute swan Ontario, CA Diseased + (1/2) + (1/2) - + (1/1)^ - 

Guo et al. 2015 Charadriiformes Larus argentatus, Herring gull Northeastern U.S. Healthy NA + (1/2) + (2/2) + (4/116) NA 

Guo et al. 2015 Charadriiformes Larus delawarensis, Ring-billed gull Northeastern U.S. Healthy NA NA NA + (1/156) NA 

Guo et al. 2015 Charadriiformes Larus atricilla, Laughing gull Northeastern U.S. Healthy NA NA NA + (4/95) NA 

Thomsen et al. 2015 Anseriformes Anser anser, Greylag goose Denmark Healthy NA NA NA + (5/135) NA 

Thomsen et al. 2015 Anseriformes Anser brachyrhynchus, Pink-footed goose Denmark Healthy NA NA NA + (1/103) NA 

Thomsen et al. 2015 Anseriformes Branta leucopsis, Barnacle goose Denmark Healthy NA NA NA + (1/50) NA 

 
IHC = immunohistochemistry; RT-PCR = reverse transcriptase polymerase chain reaction; “+” = positive test/finding consistent with bornavirus infection; “-” = 
negative result/finding not consistent with bornavirus infection; NA = test/finding not evaluated or not known; x / x = number of birds that tested positive / total 
number of birds tested; “Healthy”  = birds are presumed healthy, hunter killed or euthanized for population management purposes; “Diseased” = birds showed 
clinical signs attributable to bornavirus infection; “^” = used formalin-fixed paraffin-embedded brain tissue.   
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2.1 Abstract 
 

Aquatic bird bornavirus (ABBV), a type of avian bornavirus, has been associated with 

inflammation of the central and peripheral nervous system and neurological disease in wild 

waterfowl in North America and Europe. Epidemiological studies have shown that ABBV is 

highly prevalent in certain populations of Canada geese, with seroprevalence over 50 %. Given 

the broad host range of this virus, and the widespread distribution of wild reservoirs, the risk of 

spillover to poultry is conspicuous. The potential of ABBV to infect and cause lesions in 

commercial waterfowl species is unknown. The aim of this study was to determine the ability of 

ABBV to infect and cause disease in two-day-old Muscovy ducks (n = 174), selected as 

representatives of domestic waterfowl. Results showed that ducklings became infected with 

ABBV through both intracranial and intramuscular infection routes: upon intramuscular 

infection, the virus spread centripetally to the central nervous system (brain and spinal cord), 

while intracranial infection led to virus spread to the spinal cord, kidneys, proventriculus, and 

gonads (centrifugal spread). Intracranially and intramuscularly inoculated birds developed both 

encephalitis and myelitis by 4 weeks post infection (wpi), which progressively subsided by 8 and 

12 wpi. Despite development of microscopic lesions, clinical signs were not observed. Only five 

birds had choanal and / or cloacal swabs positive for ABBV, suggesting a moderate potential of 

Muscovy ducks to shed the virus. This is the first study to document the pathogenesis of ABBV 

in poultry species, and confirms the ability of avian bornaviruses to infect commercial 

waterfowl.  

 

Running title: Aquatic bird bornavirus in Muscovy ducks 

Keywords: ABBV, Muscovy ducks, pathogenesis, shedding, encephalitis 
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2.2 Introduction 
 

Since the early 20th century, Borna disease virus (BoDV) has been recognized as the 

causative agent of Borna disease, a chronic neurological disease of horses, sheep and rodents in 

central Europe, named after the city of Borna in Saxony, Germany 75. Until 2008, BoDV was the 

only virus of the Bornaviridae family within the order Mononegavirales.2,67 In 2008, a new group 

of bornaviruses, now known as avian bornaviruses (ABVs), were shown to be the causative 

agent of proventricular dilatation disease (PDD) in psittacine birds.53,61 PDD is a disease of the 

nervous system characterized by peripheral polyneuritis and in some cases 

meningoencephalitis.94 Birds with PDD typically show gastrointestinal signs including 

undigested seed in feces, regurgitation, and dilation of the proventriculus due to loss of intestinal 

tone leading to weight loss and poor body condition. In some cases neurological signs, including 

ataxia, paralysis, and seizures are seen.35,94 Through a retrospective study of wild Canada geese 

and swans, researchers from the University of Guelph identified a distinct variant of ABV in 

wild waterfowl from Southern Ontario, which was named "aquatic bird bornavirus" (ABBV).21,24 

This virus was associated with lymphoplasmacytic inflammation of the central and peripheral 

nervous system and gross pathological features similar to those reported for PDD in psittacine 

birds.24,38 Since, ABBV has been detected or isolated from multiple species of waterfowl36,129 both 

asymptomatic and exhibiting neurological disease, as well as in birds outside the Anseriformes 

order, including gulls39, bald eagles94, and an emu87. 

Discovery of these new viruses led to the reorganization of the Bornaviridae family into 

11 species (Queensland carbovirus, Southwest carbovirus, Sharpbelly cultervirus, Elapid 1 

orthobornavirus, Mammalian 1 and  2 orthobornavirus, Passeriform 1 and 2 orthobornavirus, 

Psittaciform 1 and 2 orthobornavirus, Waterbird 1 orthobornavirus) and to date, 19 
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genotypes.2,67 Waterbird 1 orthobornavirus encompasses the two genotypes aquatic bird 

bornavirus 1 (ABBV-1) and aquatic bird bornavirus 2 (ABBV-2), with ABBV-1 being most 

commonly identified in Canada geese and swans, and ABBV-2 having been detected in North 

American ducks (mallards and a wood duck) exclusively.2,38 

Epidemiological studies showed that wild waterfowl species appear to be the largest 

reservoir of ABBV in North America, with an estimated prevalence of up to 50 % in some 

populations depending on species, location, and types of sample.22,37,93 Avian bornaviruses, 

therefore, can be regarded as primarily waterfowl viruses that may sporadically infect or become 

established in new avian populations.94 Indeed, there is evidence that introduction of bornavirus 

in psittacine species might have initially originated from exposure to wild waterfowl species, and 

phylogenetic analysis suggests horizontal spread of ABV among different avian species.110 

Experimental infection and recapitulation of PDD natural disease has been successfully 

reproduced by inoculating parrot bornavirus in cockatiels27,28,47,70,82,92,97,98,107and conures34, and 

passeriform bornavirus in canaries.107,108 To date, however, there is no data regarding the ability 

of ABBV to experimentally infect waterfowl species. Therefore, the goal of the present study 

was twofold: 1) to document the pathogenesis of ABBV through experimental inoculation in 

Muscovy ducks, selected as a representative waterfowl, and 2) to investigate the susceptibility of 

a domestic waterfowl species to infection with ABBV.  

2.3 Materials and Methods 
 
2.3.1 Cells 
 

Immortalized duck embryo fibroblasts (CCL-141)134, originated from Pekin duck (Anas 

platyrhynchos domesticus), were purchased from the American Type Culture Collection (ATCC) 

and passaged as previously described.96 Primary duck embryo fibroblasts (DEF) were derived 
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from embryonated Pekin duck eggs, as previously described.69 Both CCL-141 and DEF were 

grown in Dulbecco’s modified Eagle’s media (DMEM; Corning) supplemented with 10 % fetal 

bovine serum (FBS; Hyclone) and 1 % Penicillin-Streptomycin-Amphotericin B (PSA; Hyclone) 

at 37 °C and 10 % CO2. Cells were passaged every 4 to 7 days at a ratio of either 1:2 or 1:3 in 

100 mm or 150 mm tissue culture dishes (ThermoFisher). CCL-141 were used to grow ABBV-1 

stock for duck inoculation, and DEF were used for virus isolation. 

2.3.2 Virus propagation and inoculum preparation  
 

ABBV-1 was propagated in persistently infected CCL-141 cells, harvested by a 

combination of osmotic shock and freeze-thaw, and concentrated by precipitation using 

polyethylene glycol (PEG)-8000. Briefly, confluent CCL-141 in either 100 mm or 150 mm 

dishes (approximately 107 cells / dish) were infected with 103 to 104 focus forming units (FFU) of 

ABBV-1, and subsequently passaged every 4 to 7 days at a 1:2 ratio, until approximately 100, 

100–150 mm dishes of persistently infected cells were produced.  

To release ABBV-1 from persistently infected cells, growth media was replaced with 5–

10 mL of deionized sterile water for 30 min (to help lyse cells by osmotic shock), followed by 

one cycle of freeze/thaw carried out by placing dishes (with cells and water) in a ultra-cold 

freezer at -80 °C. From each dish, cell debris were then dislodged with a cell scraper 

(ThermoFisher), the cells/water suspension was pooled, diluted with 10x phosphate saline buffer 

(PBS) to reach a 1x PBS concentration, vortexed vigorously for 30 seconds, and then centrifuged 

for 10 min at 3000 g. The supernatant was collected and incubated overnight at 4 °C with a PEG-

8000 solution (30 % w/v) at a 2:1 ratio (supernatant : PEG) to allow for virus precipitation. The 

precipitated solution was then centrifuged for 15 min at approximately 3200 g. The pellet was 

finally resuspended in phosphate-buffered saline (PBS) with 1 % fetal bovine serum (FBS), for a 
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final ratio of supernatant to final resuspended volume of 150:1. The concentrated virus stock was 

then stored at -80 °C until use. A control inoculum was produced in the same way, using CCL-

141 not infected with ABBV-1.  

2.3.3 Immunofluorescence and titration of virus stock 
 

The virus stock was titered in CCL-141 cells using a limiting dilution method in 96-well 

plates, using immunofluorescence for the ABBV N protein to detect positive cells, as published 

elsewhere.69,96 The titers of concentrated virus were calculated according to the Spearman-Karber 

formula as tissue culture infectious dose 50 % / ml% / mL (TCID50 / mL), and converted to focus 

forming units (FFU) / mL by multiplying by 0.69.43 

2.3.4 Birds and experimental design 
 

A graphical representation of the experimental layout is provided in Figure 2-1. A total 

of 174 one-day-old Muscovy ducks (Cairina moschata) were purchased from a local hatchery 

(Webfoot Hatchery, Elora, ON, Canada). The experiment was designed to include 160 birds, 

with additional birds purchased to account for unexpected mortality (~9 % attrition rate). Upon 

arrival, ducklings were randomly divided into 4 rooms (at least 40 birds / room) at the University 

of Guelph Central Animal Facility Research Isolation Unit (Guelph, ON, Canada), and 

immediately neck tagged for single bird identification. Ducklings were housed under negative 

pressure, placed on the floor with 12 hours of light and 12 hours of dark, and provided food and 

water ad libitum for the duration of the experiment (12 weeks). Infra-red lamps at floor level 

were provided until 3 weeks of age. 

Approximately 24 hours after being received, two-day old ducklings were inoculated 

with ABBV-1 by 1 of 4 routes, each corresponding to a single room: intracranial (IC, 50 μL 

injected into the subdural space of the right cerebral hemisphere, corresponding to 6.5 x 104 FFU 
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/ bird), intramuscular (IM, 100 μL injected into the right gastrocnemius muscle, 1.3 x 105 FFU / 

bird), or oral (PO, 100 μL delivered into the oral cavity, 1.3 x 105 FFU / bird). Control birds 

(CO) were sham-inoculated by all three routes using cell lysate from non-infected cells (see 

inoculum preparation). Intracranial injection was carried out with the same methodology 

employed for the intracerebral pathogenicity index (ICPI), which is used to test the virulence of 

avian orthoavulavirus-1 (previously known as Newcastle disease virus) in chickens.84 Birds were 

monitored daily, and those that died unexpectedly were sampled as described below.  

Ten birds at 1, 4, and 8 weeks post inoculation (wpi), were randomly selected from each 

inoculation group, swabbed (oral and cloacal), bled for serum, and euthanized. At 12 wpi the 

remaining birds from each inoculation group (range 11–15, total 48 birds) were similarly 

swabbed (oral and cloacal), bled for serum, and euthanized. A complete postmortem analysis 

was done on all euthanized birds to evaluate the presence of macroscopic lesions. From 3 of 

these 10 birds, over 20 tissues were sampled for detailed histopathological assessment and 

immunohistochemistry (see below); from the remaining birds (range 7–12), 4 tissues only (brain, 

spinal cord, kidney, and proventriculus) were sampled for RNA extraction and histopathology. 

Gonads were collected from birds at 12 wpi and used for both RNA extraction and 

histopathology.  

Younger birds (1 wpi) were euthanized by carbon dioxide inhalation, after being 

anesthetized with isoflurane in a 7 L vented induction chamber (VetEquip). Older birds (4, 8, and 

12 wpi) were euthanized by intravenous pentobarbital overdose (100 mg / kg). At 8 and 12 wpi 

sedation was administered with a mixture of ketamine (30 mg / kg) and dexmedetomidine (0.3 

mg / kg).  
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Experimental procedures and animal use were approved by University of Guelph Animal 

Care and Use Committee (Animal Utilization Protocol 3978). All methods were carried out in 

accordance with the approved protocol and relevant regulations. Two ducklings were euthanized 

at 2-days of age, prior to inoculation, to be used as early control animals.  

2.3.5 Histopathology 
 

From the birds undergoing detailed histopathological evaluation (3 birds / inoculation 

group / time point, 48 birds total), the following tissues were harvested: brain, spinal cord (3 

segments, cervical, thoracic, lumbar), ischiatic nerves, brachial plexuses, kidneys, gonads, 

proventriculus, ventriculus, heart, pancreas, adrenal glands, thyroid/parathyroid glands, segment 

of small intestine (at the level of the Merkel’s diverticulum), colon, lung, liver, spleen, trachea, 

esophagus, bursa of Fabricius, thymus, and the right gastrocnemius muscle (site of inoculation, 

only for IM and CO groups). Tissues were fixed in 10 % neutral buffered formalin for 48–72 hrs 

and then transferred to 70 % ethanol until processing. Samples of spinal cord at all time points 

and brain at 1 wpi were collected with intact vertebrae and skull, respectively, to prevent 

destruction of the nervous tissue during sampling. In these cases, the tissues were decalcified for 

24-48 hours after fixation using Cal-Ex II Fixative Decalcifier (Fisher Scientific) prior to 

trimming. For each bird, a coronal section of the cerebrum, optic lobe, brainstem, and 

cerebellum, and two transverse sections of each segment of the spinal cord were obtained. All 

remaining tissues were trimmed routinely. Additionally, the brain, spinal cord, kidney, 

proventriculus, and ventriculus from the birds sampled for RNA extraction in the IC and IM 

groups at 4, 8, and 12 wpi (an additional 48 birds) were also processed for histopathological 

evaluation, in order to increase the granularity of the histopathological scoring. For these 

additional birds, only opportunistic samples of the brain could be evaluated (often cerebrum and 
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cerebellum) as approximately half the tissue was collected for RNA extraction. Gonad from the 

birds sampled for RNA extraction at 12 wpi was also processed. After trimming, tissues were 

embedded in paraffin, sectioned at 4 µm onto positively charged slides, and stained with 

hematoxylin and eosin (H&E). 

2.3.6 Immunohistochemistry 
 

Immunohistochemistry (IHC) for ABBV-1 was carried out to evaluate the distribution of 

the virus within tissues and to assess tropism at the cellular level. IHC was conducted on tissues 

from 7 and 1 birds sampled from the IC and CO groups at 12 wpi, respectively. The IC group at 

12 wpi was chosen because it showed the broadest tissue distribution by reverse transcriptase 

quantitative polymerase chain reaction (RT-qPCR). Three birds from the IC group and the one 

from the CO group were sampled for detailed histopathological analysis, and therefore had 

several tissues available for assessment. The other 4 were sampled for RNA extraction, and had 

only brain, spinal cord, kidney, proventriculus, ventriculus and gonads available for assessment. 

Immunohistochemistry was performed using an automated staining instrument (Dako 

Autostainer; Dako/Agilent Technologies Canada Inc., Mississauga, ON, Canada). Following 

manual deparaffinization and rehydration, sections were treated with protease for antigen 

retrieval (Proteinase K; Dako/Agilent Technologies Canada Inc.), and 3 % hydrogen peroxide to 

quench endogenous peroxidase activity. Sections were incubated with rabbit anti-ABBV-1 

polyclonal antiserum (1:6000) for 30 min, followed by a 30 min incubation with goat anti-

mouse/rabbit peroxidase-linked polymer detection system (EnVision+; Dako/Agilent 

Technologies Canada Inc.), and Nova Red chromogen (Vector Laboratories, Burlington, ON, 

Canada). A formalin-fixed, paraffin-embedded brain from a Canada goose (Branta canadensis) 

naturally infected with ABBV was used as a positive control.24 For negative reagent controls, 
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duplicate sections of each control and test tissue were subjected to the same 

immunohistochemical procedure with substitution of non-immune rabbit serum for the rabbit 

polyclonal antisera. 

IHC was also used to assess the character of the inflammatory infiltrate within the 

nervous tissue. IHC for T cells (CD3, rabbit polyclonal antibody raised against the human 

homologue, Dako) and B cells (Pax5, mouse monoclonal antibody raised against the human 

homologue, clone 24, BD Biosciences) was completed on brains from the 3 IC birds undergoing 

detailed post-mortem analysis at 12 wpi (same birds as for ABBV-1 IHC), using previously 

established protocols.29 All the immunohistochemistry assays were carried out by the Animal 

Health Laboratory (Guelph, ON, Canada). 

2.3.7 Semi-quantitative scoring of nervous lesions and immunohistochemical reactivity 

All histological and IHC slides were examined and subsequently scored by one member 

of the investigative team (M. Iverson). A bird was considered positive for ABBV-consistent 

histopathology if lymphocytic-predominant inflammation was appreciated in any nervous tissue 

(e.g. brain, spinal cord, peripheral nerves, myenteric plexus). Additionally, a semi-quantitative 

scoring system was developed to quantify the extent and severity of mononuclear inflammation 

in the central nervous system (Table 2-1). Scoring for the brain was carried out by recording the 

thickness of the lymphocytic perivascular cuffs (intensity score) and the number of vessels 

affected (distribution score) per 100X field, averaged in up to 10, randomly selected 100X 

examined fields for each brain segment (e.g. cerebrum, cerebellum, brainstem, optic lobe). 

Scoring for the spinal cord was carried out similarly, but the intensity and distribution score were 

recorded for each complete transverse section of the spinal cord, rather than by field. If more 

than one transverse section was available (range 1–7), the average was recorded. A sub-score 
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was obtained by summing the intensity score and distribution score for each segment of the brain 

and spinal cord, ranging from 0 to 6. For the birds undergoing detailed histopathological 

evaluation (3 birds / inoculation group / time point, 48 birds total) a final summative brain score 

was composed of the sub-score of the cerebrum, cerebellum, brainstem and optic lobe, ranging 

from 0 to 24. Additional lesions of the nervous system (meningitis, peripheral neuritis, and 

gliosis) were included in a nominal tally that was not part of the final score.  

A semi-quantitative scoring system was developed to quantify the distribution of 

immunolabeling for ABBV-1 N-protein, as assessed by the number of reactive cells per 400X 

field, averaged in up to 10, randomly selected 400X fields for each brain segment (Table 5). As 

described for the scoring of inflammation in the spinal cord, the IHC score was recorded based 

on each complete transverse section, rather than by field. As only 7 birds were tested, the IHC 

scores were kept separated for each brain segment. Only cells with intranuclear or intranuclear 

and cytoplasmic immunolabeling were considered positive, while cells displaying only 

intracytoplasmic reactivity were considered negative. Additionally, presence / absence of ABBV 

immunoreactivity was tallied for all organs of the tested birds.  

2.3.8 Virus titration by RT-qPCR 

For ducks that were not processed for detailed histopathology (at least 7 birds / 

inoculation group / sampling time point), select tissues (brain, lumbar spinal cord, 

proventriculus, kidneys, plus gonads at 12 wpi) were collected into sterile screw cap tubes 

containing 1.0 mL of preserving solution (20 mM ethylenediaminetetraacetic acid [EDTA], 25 

mM sodium citrate, and 70 % (w/v) ammonium sulfate with a pH of 5.2), and frozen at -80 °C 

until RNA extraction. Choanal and cloacal swab, which were obtained from all birds at 

euthanasia, were similarly stored until processing.   
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RNA was extracted from 300 mg of tissue or, for swabs, 300 μL of preserving solution 

using E.Z.N.A RNA Kit II (Omega Bio-Tek), following the manufacturer’s protocol. Purified 

RNA was reverse transcribed and amplified using a Luna Universal Probe one-step RT-qPCR kit 

(NEB) with primers and probes targeting the ABBV-1 N gene. (forward, 5′-ATG CAC TTG 

CAC TCT TAG AC-3′; reverse, 5′-TCC CCA TAA AAC CTC CCA AC-3ʹ;  probe, 5′-6-FAM-

CCC TGC CCG CAG AGA GAA ATT CCA T-BHQ-3′). The cycling conditions were as 

follows: 55 °C for 10 min reverse transcription; 95 °C for 1 min initial denaturation, and 

40 cycles of 95 °C for 10 s denaturation and 60 °C combined annealing and extension. Cycle 

threshold (Ct) less than 35 was considered to be positive. 

Genome copy numbers were determined based on a standard curve produced with 

limiting dilutions of a gene cassettes containing the N gene of ABBV-1, and run in parallel with 

each plate. The final output of the PCR was reported as genome copy number. The standard 

curve was produced using 10-fold serial dilutions (3 x 108 to 3 x 101 copies) of a 500 bp ABBV-1 

N-gene gBlock gene fragment (Integrated DNA Technologies).  

2.3.9 Western blot 

Western blots were used to determine the presence of N-specific antibodies in the serum 

of infected birds. Blood samples (1–3 mL depending on age of bird) were obtained by 

venipuncture before euthanasia, allowed to coagulate up to 8 hours, and the serum was separated 

by centrifugation (2000 g for 10 min). Serum was stored at -80 °C until analysis. Western blots 

were conducted on lysates from CCL-141 persistently infected with ABBV-1, and the serum 

from ducks sampled at 1 and 12 wpi (both infected and control groups) was used as the primary 

antibody. These two time points were selected as the most likely to show seroconversion before 

and after establishment of persistent infection. A total of 48 serum samples were used (6 birds / 
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inoculation group / 2 time points), chosen based on quality and amount of serum available. 

Western blots were conducted as previously described. Briefly, 20 μg of protein from cells lysate 

were resolved on a 12 % SDS-PAGE (120 V for 1.5 h) and transferred to a PVDF membrane at 

25 V for 30 min (semi-dry transfer, BioRad). Membranes were blocked with either 5 % skim 

milk or 5 % fish gelatin in PBS-T at 4 °C overnight, incubated with sera (1:1000 dilution) 

overnight at 4 °C, and then incubated 1 h at room temperature with a secondary goat antibody 

directed against the avian IgG-heavy and light chain, conjugated with horseradish peroxidase 

(HRP) and diluted 1:5000 (A140-110P-Bethyl Laboratories Inc.; Cedarlane). Signal was detected 

by incubating with the SuperSignal™ West Pico PLUS Chemiluminescent Substrate 

(ThermoFisher) for at least 5 min before band detection using a ChemiDoc MP Imaging System 

and Image Lab 6.0.1. software (Bio Rad). As positive control for the technique, the monospecific 

antibody against the ABBV-1 N protein used in the IFA and IHC assays was used in place of the 

sera. 

2.3.10 Virus isolation in select organs 

To evaluate if the virus detected by RT-qPCR was infectious, virus isolation was 

conducted from the brain of two IC and two CO ducks sampled at 12 wpi, as well as from the 

kidney of two ducks in the IC group, which tested positive for RT-qPCR and negative by IHC. 

CCL-141 were seeded in 6-well plate in 10 % FBS/DMEM (Fisherbrand, ThermoFisher) and 

allowed to reach confluency. Duck brain tissues were minced, resuspended in 10 % 

FBS/DMEM, and homogenized using the Precellys 24 homogenizer (Bertin Instruments) for 40 

seconds (20 s of 5000 rpm burst, 5 s waiting interval, and 20 s of 5000 rpm burst). 

Approximately 100 μL of brain homogenates were layered on top of confluent DEF monolayers 

in wells of 6-well plates. Two mL of 10 % FBS/DMEM was then added to each well. A set of 
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control cells exposed to brain homogenates from control ducks was done in parallel. The next 

day, the medium was replaced with 2 mL of new 10 % FBS/DMEM. Five to seven days post 

inoculation, the cells were passaged at a 1:2 ratio by detachment with an 0.125 % Trypsin-

EDTA/TrypLE (ThermoFisher) mixture and seeded into new wells of 6-well plates (passage 1). 

Cell passaging was repeated at a 1:2 ratio after another five to seven days for passage 2 and 

similarly for passage 3. During the third passage (19 days post-inoculation), some cells were 

added to wells of a 12-well plate and used in an immunofluorescence assay the next day to detect 

presence of ABBV-1.  

2.3.11 Statistical analysis 

The average magnitude of genome copy numbers in tissues and swabs, as determined by 

RT-qPCR, were compared between different time points and inoculation routes using a two-way 

ANOVA (variables: inoculation route and time point), with multiple comparisons between 

groups (Tukey’s test). Samples that had a Ct value ³ 35 were considered negative, and the 

corresponding copy number for calculation of group means was considered equal to the lowest 

range of the analytical sensitivity threshold of the RT-qPCR, as determined by the standard curve 

(£ 4.66 genome copy numbers / 150 ng of total RNA). Group differences in the semi-quantitative 

histology and immunohistochemistry score, were compared between different time points and 

inoculation routes using a two-way ANOVA (variables: inoculation route and time point), with 

multiple comparisons between groups (Tukey’s test), or using a non-parametric Kruskal-Wallis 

test with Dunn’s test for multiple comparisons. Statistical analysis was carried out using 

GraphPad Prism for iOS, version 9 (GraphPad Software, La Jolla, USA). All tests were 

considered statistically significant for p values < 0.05. 
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2.4 Results 

2.4.1 Clinical disease and gross findings 

Groups of Muscovy ducks were inoculated either intracranially (IC), intramuscularly 

(IM) or orally (per os, PO) with ABBV-1. Ducks in the control (CO) group were sham-infected 

with carrier only through all 3 routes (Figure 2-1). Sex distribution, as determined at necropsy, 

was as follows: 18 males, 26 females and 2 undetermined in the IC group (n = 46); 20 males, 20 

females and 2 undetermined in the IM group (n = 42); 17 males, 24 females and 1 undetermined 

in the PO group (n = 42); and 18 males, 23 females and 1 undetermined in the CO group (n = 

42). Throughout the course of the experiment (12 weeks), 4 ducks were found dead. One 

duckling in each the IC and CO group died immediately after intracranial inoculation due to 

peracute cerebral hemorrhage (these were excluded from the study). One duck in the IM and one 

in the PO inoculation group were found dead at 3 and 46 days post inoculation (dpi), 

respectively, with no prior signs of illness and no evidence of gross or histological lesions. 

Overall, no clinical signs were attributed to ABBV infection.  

2.4.2 Microscopic findings 

Forty-eight ducks underwent detailed histopathological analysis (3 birds / time point / 

inoculation group). The brain, spinal cord, proventriculus, ventriculus, and gonad (only at 12 

wpi) from an additional 48 birds from the IM (n = 22) and IC (n = 26) groups, originally sampled 

for RNA extraction, were also evaluated from 4, 8, and 12 wpi, to increase the definition of the 

histopathological assessment (see Materials and Methods). Lesions attributable to ABBV-1 

infection were identified only in the IC and IM ducks (Table 2-2), and consisted of mononuclear 

encephalitis (35/38 IC and 16/34 IM), myelitis (24/36 IC and 16/32 IM), cerebral meningitis 

(33/37 IC and 5/32 IM), spinal meningitis (13/35 IC and 10/34 IM), and less frequently 
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peripheral neuritis (6/12 IC and 3/12 IM) (Figure 2-2, A–F). In the IC group, inflammation of 

the central nervous system was not present at 1 wpi, however by 4 wpi, 100 % of birds presented 

with encephalitis and 70 % had myelitis; this frequency remained approximately constant 

through 8 and at 12 wpi. In this group, inflammation of the peripheral nervous system (PNS) was 

detected at 8 and 12 wpi, affecting 100 % of birds. In the IM group, inflammation was slightly 

delayed and less extensive compared to the IC group: inflammatory lesions were not present at 1 

wpi; at 4 wpi encephalitis and myelitis were present only in 10 % and 30 % of birds, and 

gradually became more frequent by 12 wpi (91 % and 64 %, respectively). Peripheral neuritis 

was observed at 8 and 12 wpi, and it never affected more than 70 % of the birds. Inflammation 

was multifocal and did not appear to target specific areas of the nervous tissue within the same 

group. Notably, in the IC group, cerebral meningitis (89 %), inflammation of the cerebellum (77 

%), and peripheral neuritis (50 %) were significantly more common compared to the IM group 

(16 %, 31 %, and 25 %, respectively). Inflammation was characterized by accumulation of 

predominately lymphocytes, fewer macrophages, and rare plasma cells and heterophils which 

expanded the perivascular spaces in the brain and spinal cord, segmentally in the meninges, and 

in the endoneurium of the axillary or ischiatic nerves (Figure 2-2, E). Within the brain, both the 

grey and white matter were affected and in the spinal cord predominantly the grey matter. 

Immunohistochemistry (IHC) conducted on representative duck brains (n = 3) from the IC group 

at 12 wpi showed that the highest percentage of the inflammatory population was composed of 

CD3-positive cells (T lymphocytes), with a small percentage of Pax-5-positive cells (B 

lymphocytes) (Figure 2-2, G, H). 

Besides inflammation, gliosis characterized by proliferation and hypertrophy of glial cells 

with formation of glial nodules (Figure 2-2, I) was seen in all birds (10/10) at 4 wpi and 4/15 
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birds at 12 wpi in the IC group, and 3/10 IM birds at 8 wpi (Table 2-2). Inflammation was not 

identified in the myenteric nerves or ganglia of the gastrointestinal tract. Additionally, no 

significant microscopic findings were identified in the kidney, gonad, proventriculus, 

ventriculus, heart, pancreas, adrenal glands, thyroid or parathyroid glands, small intestine, colon, 

lung, liver, spleen, trachea, esophagus, bursa of Fabricius, thymus, or the right gastrocnemius 

muscle. No lesions were identified in the birds from the PO and CO groups.   

2.4.3 Semi-quantitative scoring of nervous lesions 

The severity of inflammation in different areas of the brain and spinal cord was also 

assessed through a semi-quantitative pathological scoring on 72 birds (Figures 2-3, 2-4 and 

Tables 2-3, 2-4). In the IC group, within each time points presenting lesions (i.e., 4, 8, and 12 

wpi), the cerebrum and optic lobe showed the most severe score of inflammation compared to 

the other anatomic locations, especially at 4 wpi. Furthermore, the inflammation score of each 

anatomical location at 4 wpi was significantly different compared to the respective scores at 8 

and 12 wpi (Figure 2-3, A). In the IM group, low-intensity inflammation was recorded in the 

cerebrum and spinal cord only at 4 wpi. Lesions became more severe at 8 and 12 wpi, although 

no significant differences were seen between these two time points (Figure 2-3, B). When the 

final histological scores were taken into account, birds in the IC group at 4 wpi presented 

significantly more severe lesions compared to birds in the IM group at all time points, as well as 

birds at in the IC group at 12 wpi (Figure 2-4). Taken together, these results show that Muscovy 

ducks inoculated intracranially with ABBV-1 develop more severe lesions at earlier time points 

compared to birds inoculated through the IM route, and that the peak of inflammation in birds 

from the IC group occurs at 4 wpi. 
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2.4.4 ABBV titration in tissues 

The ABBV genome copy number was evaluated by RT-qPCR, in order to test the 

magnitude of virus replication in brain, spinal cord, proventriculus, kidneys, gonads, and choanal 

and cloacal swabs (Table 2-5 and Figure 2-5).  

In the IC group, at 1 wpi the brain was the first and only tissue to test positive in 6 of 7 

birds. By 4 wpi, and until the end of the experiment, both the brain and the spinal cord tested 

positive in 100 % of tested birds (7/7 at 4 and 8 wpi, 12/12 at 12 wpi). At 4 wpi, one bird had the 

proventriculus positive (1/7), and by 8 wpi to the end of the experiment all proventricular tissues 

tested positive (7/7 at 8 wpi, 12/12 at 12 wpi). At both 8 and 12 wpi, 100 % of renal tissues 

tested positive (7/7 at 8 wpi, 12/12 at 12 wpi), and at 12 wpi all gonads tested positive (4 testes 

and 8 ovaries). There was evidence of viral shedding, with 4/15 and 1/15 choanal and cloacal 

swabs, respectively, testing positive at 12 wpi. The average concentration of virus genome copies 

in the brain significantly increased from 1 wpi (order of magnitude, 104 / 150 ng of total tissue 

RNA) to 4 wpi (107 / 150 ng of total tissue RNA), after which remained constant until the end of 

the study (12 wpi). Similarly, the genome copies in the spinal cord significantly increased 

approximately 2 orders of magnitude from 4 wpi (order of magnitude, 105 / 150 ng of total tissue 

RNA) to 8 wpi (order of magnitude, 107 / 150 ng of total tissue RNA), and remained constant at 

12 wpi. Overall, the tissues from brain and spinal cord contained significantly more viral genetic 

material compared to other tissues starting at 4 and 8 wpi, respectively, until the end of the 

experiment (Figure 2-5, A).   

 In the IM group, at 1 wpi the spinal cord was the first and only tissue to test positive in 2 

of 7 birds. At 4 wpi, the spinal cords of 4/7 birds tested positive, and one bird tested positive in 

both the brain and kidney. By 8 wpi all birds tested positive in the spinal cord and brain (7/7), 
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and one bird was positive in the proventriculus. At 12 wpi, the proventriculus, kidneys, and 

gonads (3 testes and 5 ovaries) from all birds (8/8) tested positive, and there was evidence of 

viral shedding in one cloacal swab (1/11). The average concentration of virus in the spinal cord 

gradually increased from 1 wpi and peaked at 12 wpi, when it averaged approximately 106 

genome copy number / 150 ng of tissue RNA, and was significantly higher compared to the other 

time points. Similarly, the amount of virus genome increased in the brain and peaked at 12 wpi 

(Figure 2-5, B).   

2.4.5 Immunohistochemistry 

Seven birds from the IC group at 12 wpi, plus one control from the same time point, were 

submitted to detect the distribution of ABBV-1 N protein in tissues by immunohistochemistry 

(IHC). Birds from the IC group at 12 wpi were chosen, as this group had the highest ratio of 

ABBV-positive organs and magnitude genome copy number, as assessed by RT-qPCR. All 

infected birds had characteristic histologic lesions in the brain and spinal cord, while controls 

presented no lesions. The N antigen was detected in all seven infected birds (Table 2-6). In the 

central nervous tissue, immunolabeling was of moderate intensity and present in the nuclei 

and/or nuclei and cytoplasm of predominantly neurons and glial cells, while ependymal cells 

were also occasionally positive (Figure 2-6, A–D). Areas of immunoreactivity were multifocal, 

and not spatially associated with regions with inflammation, as observed histologically. A 

scoring based on the extent of IHC immunolabeling showed no significant differences between 

sections of the brain. 

 Outside of the central nervous system, immunoreactivity was found in peripheral nerves 

(Figure 2-6, E), ganglia and plexuses of the proventriculus, ventriculus, esophagus, small 

intestine, colon (Figure 2-6,  F, G), lung, and pancreas (Figure 2-6, H). In addition, scattered 
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epithelial cells of the proventricular glands, acinar cells of the pancreas, and cortical and 

medullary cells of the adrenal gland exhibited positive intranuclear and occasionally 

intracytoplasmic immunoreactivity (Figure 2-6, I). In all three tested males, reactivity was seen 

in the interstitial cells and the epithelium of the epididymis; in the three tested females reactivity 

was identified in scattered cells of the theca interna and externa, rare granulosa cells, the ovarian 

interstitium, and in neurons of adjacent ganglia (Figure 2-6, J–L). Immunoreactivity was not 

observed in kidney, heart, liver, spleen, trachea, bursa of Fabricius, and thymus in any of the 

examined birds. The control duck exhibited no immunolabeling in any of the examined tissues.  

2.4.6 Serology 

Western blot assays were conducted on lysates from persistently infected cells, using 

serum from infected ducks at 1 and 12 wpi as primary antibodies. Using sera from birds sampled 

at 12 wpi, all tested ducks from the IC group (n = 6) and 2/6 ducks from the IM group reacted 

strongly with a 35-40 kDa band in the lysate from persistently infected cells. This molecular 

weight is compatible with the predicted size of ABBV N-protein (Figure 2-7). None of the sera 

from birds sampled at 1 wpi from the IC and IM groups reacted with a protein with the expected 

molecular size, suggesting seroconversion at 12 wpi (Table 2-7). No reactivity was observed in 

birds from the PO and CO groups at either time points.  

2.4.7 Virus isolation from brains and kidneys 

The brains from 2 ducks in the IC group, which were sampled at 12 wpi, were used for 

virus isolation. An additional 2 brains from the CO group at the same time point were tested as a 

control. Both brains from the IC group yielded ABBV-1 in CCl-141 after two passages, as 

shown by nuclear and weak cytoplasmic signal in scattered cells by IFA (Figure 2-8). Brains 

from the CO group yielded no signal. 
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Similarly, the kidneys from 2 ducks in the IC group at 12 wpi, which tested positive for 

RT-qPCR and negative by IHC, were used for virus isolation. One kidney from the CO group at 

the same tie point were also tested as a control. Both kidneys from the IC group yielded ABBV-1 

in CCl-141 after two passages, as shown by nuclear and weak cytoplasmic signal in scattered 

cells by IFA (Figure 2-9). The kidney from the CO group yielded no signal.  

2.5 Discussion 

This study describes for the first time the successful experimental infection of an avian 

species with ABBV-1, and confirms the ability of this virus to infect commercial waterfowl. 

Intracranial and intramuscular infection of Muscovy ducklings with ABBV-1 led to viral spread 

and replication in multiple tissues and development of nervous lesions analogous to those 

observed in natural cases, indicating that Muscovy ducks are a suitable model for experimental 

infection with ABBV-1.  

To determine viral replication upon infection, ABBV-1 genome copy number was 

evaluated in multiple tissues at 1, 4, 8, and 12 wpi. ABBV-1 RNA was detected in all tissue from 

birds in the IC and IM groups by 12 wpi. In the IC infected ducks, viral RNA was identified in 

the brain as soon as 1 wpi. By 4 wpi all tested brains were positive and maintained the same level 

of genome copy number at 8 and 12 wpi. These findings indicate intracranial inoculation is a 

very effective method of ABBV-1 infection and is in agreement with other studies, which 

documented the intracranial route as a successful delivery method to infect rodents and psittacine 

birds with BoDV86 and parrot bornavirus (PaBV)97,98, respectively. By 4 wpi, ducks in the IC 

group showed viral replication in the spinal cord, and by 12 wpi all tested peripheral organs 

(kidney and proventriculus) were also positive. This time-wise spread of the virus from the brain 

to the spinal cord and to the peripheral tissues is suggestive of a centrifugal spread from the 
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central nervous tissue to the periphery. Conversely, in the IM group, ABBV-1 RNA was first 

identified in the spinal cord at 1 wpi. By 8 wpi, all tested spinal cords and brains were positive, 

and by 12 wpi all peripheral tissues were positive. This time-wise progression of virus spread 

suggests a centripetal spread from the muscle to the spinal cord and brain, as well as a centrifugal 

spread from the central nervous tissue to visceral organs. This is consistent with reports 

describing experimental intramuscular inoculation of PaBV in psittacine birds.3,70  

In this study, ducks inoculated orally with ABBV-1 were unsuccessfully infected, as 

shown by lack of ABBV-1 RNA in any collected tissues. These findings are in agreement with 

other experimental studies including oral PaBV inoculation in cockatiels47 and oral BoDV 

inoculation of rats11 which did not replicate clinical signs of PDD or Borna disease, respectively, 

and virus could not be identified within tissues.  

Difficulty in reproducing successful infection through oral administration has led to 

questioning fecal-oral transmission, which had been postulated as the natural route of infection 

for avian bornaviruses.54 A recent study successfully induced PaBV infection in cockatiels by 

defects in the skin of the footpad, suggesting that wound contamination may be a natural way for 

PaBV transmission46; in this case infection would be depended on the levels of environmental 

contamination, rather than bird-to-bird transmission. In our study, only a few birds (n = 5) had 

ABBV-1 RNA in the choanal and/or cloacal swabs at 12 wpi, indicating the potential for virus 

shedding and environmental contamination. Moreover, all tested kidneys from ducks in both the 

IC and IM groups at 12 wpi were positive for ABBV RNA, suggesting that shedding through the 

urine is plausible. This is in agreement with successful demonstration of PaBV RNA in the urine 

of experimentally/naturally infected psittacine birds.45 The relatively low numbers of positive 

swabs, despite establishment of persistent infection in all ducks in the IC and IM groups 



 
 

49 

 

(including renal tissues), suggest intermittent viral shedding, similar to what described for other 

avian bornaviruses.55,56 While presence of ABBV-1 RNA in the swabs indicates potential for 

horizontal transmission, it should be noted that presence of genetic material does not necessarily 

correlate with presence of infectious viral particles, and even if shedding of infectious virus 

particle were to be conclusively demonstrated, it still remains to explain why the oral route is 

ineffective in establishing experimental infection.  

In this study, the experimentally infected ducks in the IC and IM group developed 

histologic lesions exclusive to the nervous system. The microscopic lesions consisted of 

lymphocytic encephalitis, myelitis, meningitis, and peripheral neuritis, which are consistent with 

descriptions of naturally infected cases of ABBV-1 in waterfowl.24 In the present study, 

inflammatory lesions were not appreciated within the autonomic nervous system. While 

ganglioneuritis is the characteristic histological lesion in cases of proventricular dilation disease, 

it appears it is a less common finding in cases of ABBV infection, though still described.24,94 

At 4 wpi, all IC infected ducks had developed encephalitis in all examined regions of the 

brain (cerebrum, optic lobe, brainstem, and cerebellum). This time point coincided with the 

highest overall inflammation scores for the duration of the study. Gliosis was also appreciated in 

IC inoculated birds at the highest frequency at this time. Other features described in natural 

ABBV infection, including Wallerian degeneration, malacia, and cerebral edema, were not 

appreciated in this study.24 Encephalitis was also present in all examined IC infected ducks at 8 

wpi and 12 wpi, but with a lower overall inflammation score. In IM infected ducks at 4 wpi, 

myelitis was a more frequent lesion than encephalitis but by 12 wpi encephalitis was also 

appreciated in nearly all evaluated ducks. Development of lesions appeared to follow the pattern 
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of positivity to ABBV-1 RNA, with lesions in the brain being slightly delayed in the IM group 

compared to the IC group.  

Viral distribution within tissues was also evaluated by IHC in IC inoculated ducks at 12 

wpi using a monospecific antibody against the ABBV-1 N protein. Consistent intranuclear with 

or without cytoplasmic immunoreactivity was present in neurons, glial cells, and ependymal cells 

of the central nervous system. Immunolabeling for ABBV was also identified in numerous 

visceral organs (ovaries, testes, proventriculus, ventriculus, pancreas, adrenal glands small 

intestine, colon, lung, and esophagus), in agreement with detection of ABBV-1 RNA in 

proventriculus, testes, and ovaries by RT-qPCR. This virus distribution is in accordance with 

what has been described in natural ABBV infections24, and multiple accounts of experimental 

PaBV infection in psittacine birds.90,100,135 None of the visceral tissue with IHC signal showed 

inflammatory lesions. In an experimental infection study of parrot bornavirus 2 (PaBV-2) in 

cockatiels, immunolabeling for PaBV N-protein preceded the development of inflammation 

throughout all time points.3 It is possible that a longer duration of our study may have been 

needed for inflammatory lesions of the autonomic nervous system to develop. Notably, while 

kidneys had large amounts of ABBV-1 genome copy number and virus was re-isolated from two 

of these kidneys, no specific IHC reactivity was observed in sections of renal tissues. The reason 

for this discrepancy is unclear; and may be caused by chronic persistent infection whereby very 

low levels of infectious virus are produced.34,104 In reports with natural and experimental PaBV 

infection, immunoreactivity for the virus is often observed in the tubular epithelium.92,100 

Nonetheless, ABBV-1 was successfully isolated from two kidneys from the IC group, which 

tested positive for RT-qPCR but was not detected by IHC. 
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Despite development of histologic lesions characteristic of ABBV-1 infection and 

demonstrating viral replication in multiple tissues, ABBV-1 experimentally infected ducks did 

not show macroscopic lesions (e.g. proventricular dilation) or develop clinical signs at any point 

during the 12-week duration of this study. While clinical signs attributed to natural ABBV 

infection in wild waterfowl include poor body condition, gastrointestinal signs, and neurologic 

deficits24, ABBV-1 has been identified in tissues of apparently healthy waterfowl.93,124 In two 

different studies of canaries experimentally infected with canary bornavirus-1 and canary 

bornavirus-2, regardless of route of administration (IM, PO, subcutaneous, nasal), birds did not 

develop any clinical signs for the 154-day and 161-day duration of the studies, respectively, 

despite having high viral titers in many tissues (e.g. brain, proventriculus, lung, heart, liver, and 

duodenum, kidney) as assessed by RT-PCR.107,108 Experimental infection of PaBV-4 

intramuscularly and orally in adult cockatiels did not yield clinical signs until 92 dpi.92 

Furthermore, mallard ducklings inoculated through intraocular, IM, or PO administration with 

PaBV-4 failed to develop clinical signs or lesions throughout the 42-day duration of the study 

but all were shedding the virus (feces positive by RT-PCR) and had seroconverted by 3 wpi.33 It 

is unclear what triggers may promote development of clinical disease in persistently infected 

birds. The pathogenesis of the inflammation in psittacine birds infected with PaBV has been 

proposed to be associated with an immune mechanism, rather than by direct virus damage to the 

infected cells.42,71 Therefore, loss of immune-tolerance and activation of the immune system 

against normal tissue elements may lead to severe tissue damage and clinical signs. This is 

supported, for instance, by the fact that birds treated with cyclosporin become infected but do not 

develop clinical signs.42 A recent article has shown that hatchling cockatiels infected with parrot 

bornavirus 4 (PaBV-4) become readily infected and developed encephalitis but no clinical signs, 
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as opposed to older birds which developed both severe encephalitis and clinical signs. These 

findings are very similar to what is reported in our study, and suggest that infection of ducklings 

with an immune system that is not fully developed116 may promote immune-tolerance and a 

carrier state.28 Nonetheless, despite the ducklings being infected at a very young age, birds from 

the IC and IM groups seroconverted against ABBV, suggesting that an immune response against 

the virus developed, as also indicated by the inflammatory lesions. Future experiments will need 

to address differences in age susceptibility to infection, and correlation between the immune 

response and development of clinical signs.   

Vertical transmission is another potential route of ABBV-1 infection that is of interest. In 

the current study, ABBV antigen was detected in all examined testes (n = 3) and ovaries (n = 3) 

from ducks in the IC group at 12 wpi, which correlates with the high viral titers in the gonads at 

the same time point by RT-qPCR. Immunoreactivity for ABBV antigen was present in the 

interstitial cells of the testis, epithelium of the epididymis, ovarian granulosa cells, and interstitial 

stromal cells. Similarly, PaBV and CnBV-2 antigen has been demonstrated in testes, ovaries, 

uterus, and embryonated eggs of psittacine and canary birds, both naturally and experimentally 

infected.59,92,100,108 Presence of virus protein in cells that can be in contact with the sperm or ovum 

suggests that vertical transmission may be possible. A study reported presence of ABBV RNA in 

the egg yolk of one infertile Canada goose egg, with over 53 tested.23  Lymphoplasmacytic 

inflammation in the gonads of Canada geese naturally infected with ABBV-1 has also been 

described, but was not observed in the present study.24 It should be noted, however, that even if 

virus can reach the egg, actual infection of the embryo does not necessarily follow. In our 

experience, experimental inoculation of fertile Pekin duck eggs with purified ABBV-1 through 

the yolk sac and allantoic fluid was not able to successfully infect the embryos.69 
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The Muscovy ducks used in this study were obtained from a local hatchery in Southern 

Ontario. As ABBV is known to be widespread in free-ranging waterfowl in the area22,24, we 

considered the possibility that these commercial ducklings could already have been infected 

when obtained at 1-day old. However, all birds in both the CO and PO group, at no point 

throughout the duration of the study demonstrated viral RNA in any tested tissues or swabs, nor 

did they develop histologic lesions in contrast to the IC and IM inoculated birds, making us 

confident these ducks were not already infected, prior to inoculation. 

Infectious virus was successfully re-isolated from the brains of 2 IC ducks at 12 wpi 

using CCl-141 cells, supporting our results, and indicating that there is replication of infectious 

virus in the brain of infected ducks. 

In this study, we demonstrated experimental infection of ABBV-1 for the first time. Our 

study demonstrated that IC and IM inoculation of ABBV-1 in Muscovy ducklings results in viral 

replication in multiple tissues and development of characteristic nervous system histological 

lesions. We were unable to reproduce clinical disease, nor infection through oral inoculation, a 

potential route of natural infection. These results warrant further investigation into the mode of 

natural transmission and development of characteristic clinical signs. Muscovy ducks, an 

Anseriformes, are a suitable model for experimental infection with ABBV-1. 
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2.6 Tables and Figures 
 
Table 2-1: Semi-quantitative scoring of inflammation and immunohistochemical reactivity for aquatic bird bornavirus 
nucleoprotein in the brain and spinal cord of two-day-old Muscovy ducklings experimentally infected with ABBV-1. 

    Inflammation Score   Immunohistochemical Score 
    Intensity Distribution   Distribution 

+0   No PVCs observed No PVCs observed   No reactivity observed 
+1   PVCs are 1-2 layers wide 1-10 vessels per 100X field are affected   1-7 positive cells per 400X field 
+2   PVCs are 3-4 layers wide 11-20 vessels per 100X field are affected   8-14 positive cells per 400X field 
+3   PVCs are >5 layers wide >21 vessels per 100X field are affected   >15 positive cells per 400X field 

  Sub-score = intensity score + distribution score (range, 0-6)   

    FINAL SCORE = sum of sub-score from each anatomical segment of 
brain (range, 0-24)     

 
PVCs = perivascular cuffs  
The sub-scores were obtained by summing the intensity and distribution score for each anatomical segment of the brain and the spinal cord. For the brain, the 
final score was composed by adding the sub-scores from the cerebrum, optic lobe, cerebellum, and brainstem (final score range, 0-24). For the spinal cord, only a 
sub-score was used, as distinction between segments was not used.   
For the IHC, a final score was not tallied as only 7 birds were tested (see text for details).   
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Table 2-2: Frequency of inflammation and gliosis in different areas of the nervous system of Muscovy ducks inoculated with 
ABBV-1 by the intracranial (IC) and intramuscular (IM) routes at 1, 4, 8, and 12 weeks post infection (wpi).  

    IC   IM 
Affected Area or 
Disease Category    1 wpi 4 wpi 8 wpi 12 wpi Total   1 wpi 4 wpi 8 wpi 12 wpi Total 

Cerebruma   0/3d 10/10 10/10 15/15 35/38e  0/3 1/10 4/10 10/11 15/34 
Optic lobe   0/3 3/3 3/3 3/3 9/12  0/3 0/3 1/3 2/3 3/12 
Brainstem   0/3 4/4 2/2 3/3 9/12  0/3 0/3 2/3 2/3 4/12 

Cerebellum   0/3 7/8 7/7 9/12 23/30  0/3 0/10 3/7 6/9 9/29 
Spinal cord   0/3 7/10 7/10 10/13 24/36  0/3 3/10 6/8 7/11 16/32 

Brain meninges  0/3 10/10 9/10 14/14 33/37  0/3 0/10 0/10 5/9 5/32 
Spinal meninges   0/3 3/10 3/10 7/12 13/35  0/3 2/10 4/10 4/11 10/34 

Peripheral nerves   0/3 0/3 3/3 3/3 6/12  0/3 0/3 2/3 1/3 3/12 
Encephalitisb   0/3 10/10 10/10 15/15 35/38  0/3 1/10 5/10 10/11 16/34 

Gliosis in brainc   0/3 10/10 0/10 4/15 14/38  0/3 0/10 3/10 0/11 3/34 
 

aIndicates anatomical areas affected by inflammation, with the exception of “gliosis” category.  
bEncephalitis, as tallied in birds with inflammatory lesions in any brain section (cerebrum, optic lobe, brainstem, cerebellum).  
cGliosis, as assessed in birds with proliferation and hypertrophy of glial cells and formation of glial nodules in any brain section (cerebrum, optic lobe, brainstem, 
cerebellum) or spinal cord. 
dNumber of birds with disease in that anatomical location / number of birds tested at that time point.  
eNumber of birds with disease in that anatomical location over all the time points / total number of birds tested over all the time points.  
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Table 2-3: Semi-quantitative scoring of inflammation in different areas of the central nervous system of Muscovy ducks 
inoculated with ABBV-1 by the intracranial (IC) route at 1, 4, 8, and 12 weeks post infection (wpi).  

  IC 
Affected 

areas 
 1 wpi  4 wpi  8 wpi 

Cerebruma  0b 0 0  6 5 5 4 4 4 4 3 3 5  2 3 2 2 2 2 2 2 2 2 

Optic lobe  0 0 0  5 6 5 NA NA NA NA NA NA NA  3 2 2 NA NA NA NA NA NA NA 

Brainstem  0 0 0  3 6 3 NA NA NA NA 4 NA NA  2 2 NA NA NA NA NA NA NA NA 

Cerebellum  0 0 0  2 3 2 0 2 NA 2 2 NA 2  3 2 2 2 2 NA NA 2 2 NA 

Spinal cord  0 0 0  2 2 2 0 2 3 0 2 0 2  2 2 2 2 0 0 2 2 0 2 

Brainc  0 0 0  16 20 15 4 6 4 6 9 3 7  10 9 6 4 4 2 2 4 4 2 

Affected 
areas 

 12 wpi 

Cerebrum  3 2 2 2 2 3 2 2 2 3 3 2 3 2 2 

Optic lobe  3 2 2 NA NA NA NA NA NA NA NA NA NA NA NA 

Brainstem  2 2 2 NA NA NA NA NA NA NA NA NA NA NA NA 

Cerebellum  2 2 5 2 0 NA 2 2 2 0 NA 2 NA 3 0 

Spinal cord  3 0 2 NA 1 5 2 2 0 3 4 2 NA 2 0 

Brain  10 8 11 4 2 3 4 4 4 3 3 4 3 5 2 

 

aIndicates areas of the brain and spinal cord, for which inflammation sub-score are reported.  
bIndicates the sub-score for each section of the brain and spinal cord. 
cIndicates the final score of inflammation based on the sum of the sub-scores for cerebrum, optic lobe, brainstem, and cerebellum.  
NA = tissue not available for analysis.  
Refer to Table 2-1 for additional details on scoring of inflammatory lesions.  
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Table 2-4: Semi-quantitative scoring of inflammation in different areas of the central nervous system of Muscovy ducks 
inoculated with aquatic bird bornavirus 1 by the intramuscular (IM) route at 1, 4, 8, and 12 weeks post infection (wpi). 

IM 

Affected 
areas   1 wpi  4 wpi  8 wpi 

Cerebruma  0b 0 0  0 0 0 0 0 0 2 0 0 0  0 0 2 0 0 0 2 2 6 0 

Optic lobe  0 0 0  0 0 0 NA NA NA NA NA NA NA  0 0 2 NA NA NA NA NA NA NA 

Brainstem  0 0 0  0 0 0 NA NA NA NA NA NA NA  0 2 2 NA NA NA NA NA NA NA 

Cerebellum  0 0 0  0 0 0 0 0 0 0 0 0 0  0 2 2 0 0 NA 0 NA 2 NA 

Spinal cord  0 0 0  0 2 2 0 2 0 0 0 0 0  0 4 2 5 6 2 0 NA 2 NA 

Brainc  0 0 0  0 0 0 0 0 0 2 0 0 0  0 4 8 0 0 0 2 2 8 0 

Affected 
areas   12 wpi 

Cerebrum  2 0 2 2 2 2 2 2 3 4 2 

Optic lobe  2 0 2 NA NA NA NA NA NA NA NA 

Brainstem  2 0 2 NA NA NA NA NA NA NA NA 

Cerebellum  2 0 2 NA 2 0 2 NA 2 2 0 

Spinal cord  3 2 2 0 2 2 2 0 0 2 0 

Brain  8 0 8 2 4 2 4 2 5 6 2 

 

aIndicates areas of the brain and spinal cord, for which inflammation sub-score are reported.  
bIndicates the sub-score for each section of the brain and spinal cord. 
cIndicates the final score of inflammation based on the sum of the sub-scores for cerebrum, optic lobe, brainstem, and cerebellum.  
NA = tissue not available for analysis.  
Refer to Table 2-1 for additional details on scoring of inflammatory lesions.  
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Table 2-5: Average virus titer and number of birds in the intracranial (IC) and intramuscular (IM) group, which tested 
positive for the ABBV-1 N gene in a cohort of select tissues at 1, 4, 8, and 12 weeks post infection (wpi). 

    IC  IM 
Samples   1 wpi 4 wpi 8 wpi 12 wpi  1 wpi 4 wpi 8 wpi 12 wpi 

Brain 
  6/7a 7/7 7/7 12/12  0/7 1/7 7/7 8/8 

  (6.42 x 104)b (1.00 x 107) (1.66 x 107) (1.33 x 107)  - (4.21 x 104) (1.24 x 105) (1.66 x 107) 

Spinal cord 
  0/7 7/7 7/7 12/12  2/7 4/7 7/7 8/8 
  - (2.46 x 105) (1.16 x 107) (1.11 x 107)  (7.86 x 102) (5.76 x 105) (3.69 x 106) (9.26 x 106) 

Proventriculus 
  0/7 1/7 7/7 12/12  0/7 0/7 1/7 8/8 
  - (3.23 x 101) (7.13 x 103) (3.24 x 105)  - - (6.77 x 101) (5.04 x 103) 

Kidney 
  0/7 0/7 7/7 12/12  0/7 1/7 0/7 8/8 
  - - (3.84 x 101) (9.28 x 103)  - (2.68) - (2.23 x 103) 

Gonad 
  NA NA NA 12/12  NA NA NA 8/8 
  NA NA NA (2.10 x 106)  NA NA NA (3.85 x 105) 

Cloacal swab 
  0/10 0/10 0/10 1/15  0/10 0/10 0/10 1/11 
  - - - (8.96 x 102)  - - - (8.67 x 101) 

Choanal swab 
  0/10 0/10 0/10 4/15  0/10 0/10 0/10 0/11 
  - - - (6.14 x 101)  - - - - 

 

aIndicates number of birds positive for that tissue / total number of birds tested for that tissue at that time point. 
bIndicates parenthesis is the average virus titer calculated from birds that tested positive. 
NA = the tissue was not available for analysis. 
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Table 2-6: Distribution of tissue reactivity for aquatic bird bornavirus N protein in seven ducks infected with ABBV-1 through 
the intracranial route 12 weeks post infection (wpi). 

Tissues Duck #1 #2 #3 #4 #5 #6 #7 Total Cells positive for ABBV antigene 

Cerebrum 3a 1 3 2 2 3 3 7/7b 

Neurons, glial cells, Purkinje cells, ependymal 
cells 

Optic lobe 2 2 1 NA NA NA NA 3/3 
Brainstem 1 1 2 NA NA NA NA 3/3 

Cerebellum 2 2 3 2 NA 2 3 6/6 
Spinal cord 1 2 1 NA 3 2 2 6/6 Neurons, glial cells, ependymal cells  

Peripheral nerves +c + - NA NA NA NA 2/3 Ganglia, nerve fibers, glial cells  
Kidney NA - - - - - - 0/6 - 

Gonad +(M)d NA +(M) +(F) +(M) +(F) +(F) 6/6 Interstitium of testes and ovaries, theca, and 
granulosa cells 

Proventriculus + + + + + + + 7/7 Submucosal glands, myenteric plexuses 
Ventriculus + + NA NA + + + 5/5 Myenteric plexuses 

Heart - - - NA NA NA NA 0/3 - 
Pancreas + - + NA NA NA NA 2/3 Acinar cells, ganglia  
Adrenal + NA + NA NA NA NA 2/2 Cortical cells, medullary cells 

Thyroid/parathyroid  - NA - NA NA NA NA 0/2 - 
Small intestine  + + + NA NA NA NA 3/3 Submucosal and myenteric plexuses 

Colon + + + NA NA NA NA 3/3 Submucosal and myenteric plexuses 
Lung + - + NA NA NA NA 2/3 Ganglia 
Liver - - - NA NA NA NA 0/3 - 

Spleen - - - NA NA NA NA 0/3 - 
Trachea - - - NA NA NA NA 0/3 - 

Esophagus NA + - NA NA NA NA 1/2 Submucosal and myenteric plexuses 
Bursa - NA - NA NA NA NA 0/2 - 

Thymus - NA - NA NA NA NA 0/2 - 
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aIndicates IHC distribution score for cerebrum, optic lobe, brainstem, cerebellum, and spinal cord. 
bIndicates the total number of birds with immunohistochemical reactivity in that tissue / total number of birds with available tissue for testing. 
cIndicates presence (+) or absence (-) of immunohistochemical reactivity in the tissue (without distribution score). 
dIn parenthesis, male (M) or female (F) sex of the bird is indicated. 
eDescription of the type of positive cells. 
NA = tissue was not available for analysis. 
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Table 2-7: Serum reactivity against ABBV-1 N protein, brain virus titer, and brain inflammation score from six ducks in the 
intracranial (IC) and intramuscular (IM) groups, sampled at 1 and 12 weeks post infection (wpi). 

IC   IM 
1 wpi  12 wpi  1 wpi  12 wpi 

WB Titer in brain Infl   WB Titer in brain Infl   WB Titer in brain Infl   WB Titer in brain Infl 
-a NA 0c   + 2.15 x 107 2   - - NA   - 1.42 x 107 2 
- 1.96 x 103b NA   + 7.18 x 106 3   - - NA   + 1.72 x 107 4 
- 1.27 x 104 NA   + 1.37 x 107 4   - NA 0   + 1.60 x 107 2 
- 1.24 x 102 NA   + 1.25 x 107 3   - NA 0   - NA 8 
- - NA   + 8.87 x 106 3   - - NA   - 7.74 x 106 5 
- 7.66 x 102 NA   + 1.66 x 107 2   - NA 0   - 1.28 x 107 3 

0/6d 3.89 x 103e 0f   6/6 1.34 x 107 2.5   0/6 - 0   2/6 1.36 x 107 2.2 
 

aDenotes presence (+) or absence (-) of serum reactivity for the ABBV-1 N protein, as assessed in Western blot (WB) of cell lysates persistently infected with 
ABBV-1.  
bVirus titer, or lack thereof (-), in the brain of the same bird (genome copy number / 150 ng of total tissue RNA). 
cFinal score of brain inflammation (Infl.) for the same bird (see Table 5). 
dIndicates number of sera reactive for ABBV-1 N protein, over the total of sera tested.  
eAverage genome copy titer in brain, calculated on positive brains. 
fAverage score of inflammation, calculated on tissues with lesions. 



 
 

62 

 

 

 
 

Figure 2-1: Schematic representation of the experimental plan for infection of Muscovy 
ducks with ABBV-1.  

Includes the virus inoculum, the number of birds in each experimental groups (IC, intracranial; 
IM, intramuscular; PO, oral; CO, control), euthanasia schedule, and the sampling protocol for 
downstream testing. “H”, indicates birds that were sampled for detailed histopathological 
analysis; “R”, indicates birds sampled for virus titration by RT-qPCR. Numbers in parenthesis 
indicate the actual number of ducks used and remaining at each time point, based on unexpected 
deaths and extra birds. See text for detailed description. 
 
aTwo ducklings were euthanized at two days of age, prior to inoculation, to be used as early control birds.  
bTwo ducklings died immediately after inoculation and 1 died unexpectedly at 3 days post infection (dpi). 
cOne duckling died unexpectedly at 46 dpi.  
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From all R and H birds, 

the following were 

sampled at the time of 

euthanasia: choanal and 

cloacal swabs, blood for 

serology.

From H birds, numerous 

tissues were collected for 

histopathology and 

immunohistochemistry 

(detailed histopathological 

analysis, see text).

From R birds, 4 tissues were collected 

(brain, lumbar spinal cord, 

proventriculus, kidneys) for RNA 

extraction, and also fixed in formalin 

for histopathology. Gonads were 

collected only at 12 wpi.

• Total swabs tested by RT-qPCR: 336 
(168 birds)

• Total tissues tested by RT-qPCR: 516
(120 birds)

• Ducks evaluated for detailed 

histopathological analysis: 48 birds

• Total R ducks with brain, spinal cord, 

kidney, proventriculus, and gonad 

processed for histology: 48 birds

• Total birds used for histopathological 

semi-quantitative scoring of brain and 

spinal cord: 72 birds (38 IC, 34 IM)
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Figure 2-2: Histology (H&E) and immunohistochemistry (IHC) for lymphocytic phenotype 
from representative lesions in the nervous tissue of Muscovy ducks experimentally infected 
with aquatic bird bornavirus 1 (ABBV-1).
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(Figure 2-2 cont’d) (A) Cerebrum, duck #519 IC group, sampled at 4 weeks post infection (wpi). 
The leptomeninges and Virchow-Robin spaces are segmentally expanded by an inflammatory 
infiltrate. H&E, original magnification 40X. (B) Cerebrum, duck #519 IC group, 4 wpi. The 
perivascular spaces are expanded by a severe inflammatory infiltrate. H&E, original 
magnification 40X. (C, D) Spinal cord, duck #612 IM group, 8 wpi. Mainly affecting the grey 
matter (square), the perivascular spaces are expanded by a severe inflammatory infiltrate. H&E, 
original magnification 40X (C) and 100X (D). (E) Peripheral nerve (ischiatic or axillary), duck 
#621 IM group, 8 wpi. There are scattered inflammatory perivascular cuffs in the endoneurium 
and perineurium of affected nerves. H&E, original magnification 200X. (F) Cerebrum, duck 
#502 IC group, 12 wpi. The perivascular cuffs are composed of mononuclear cells, 
predominately lymphocytes with scattered plasma cells, which occasionally spill into the 
adjacent neuroparenchyma. H&E, original magnification 400X. (G, H). Optic lobe, duck #502 
Immunohistochemistry for CD3 (G) and Pax-5 (H) antigens on consecutive sections. The large 
majority of inflammatory cells displays strong cytoplasmic reactivity for CD3 antigen (T 
lymphocytes); while scattered cells display intranuclear reactivity for Pax-5 (B lymphocytes). 
IHC, DAB chromogen with hematoxylin counterstain, original magnification 200X. (I) 
Cerebrum, duck #534 IC group, 4 wpi. There are rare, randomly distributed, accumulations of 
glial cells arranged in small clusters (glial nodules). These cells are round with moderate 
amounts of eosinophilic cytoplasm and open chromatin. H&E, original magnification 400X. 
 



 
 

65 

 

 
 

Figure 2-3: Graphs showing the pathology inflammation subscores in different areas of the brain of Muscovy ducks 
experimentally infected with ABBV-1 through the intracranial (A) or intramuscular (B) routes of infection, assessed at 1, 4, 8, 
and 12 weeks post infection (wpi).  
 
Significant differences between bar pairs are identified with binary connectors. Flat connectors indicate that the scores for all areas at 
one time point are different from the respective area scores at other time points. Pairwise comparisons with data points scoring 0 (no 
inflammation), or between different brain areas at different time points (i.e., forebrain at 4 wpi vs. cerebellum at 8 wpi) are not 
represented. Data columns represent median inflammation subscores with data range. Two-way ANOVA with Tukey’s test for 
multiple comparisons (* < 0.05, ** < 0.01, *** < 0.001, **** < 0.0001). 

A B 
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Figure 2-4: Graph showing the overall brain pathology inflammation scores in Muscovy 
ducks experimentally infected with aquatic bird bornavirus 1 (ABBV-1) through the 
intracranial (IC) or intramuscular (IM) routes of infection, assessed at 1, 4, 8 and 12 weeks 
post infection (wpi). 

 
Significant differences between bar pairs are identified with binary connectors. Pairwise 
comparisons with data points scoring 0 (no inflammation) are not represented. Data columns 
represent median brain inflammation scores with data range. Two-way ANOVA with Tukey’s 
test for multiple comparisons (* < 0.05, ** < 0.01, *** < 0.001, **** < 0.0001). 
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Figure 2-5: Magnitude of virus replication, represented as log10 genome copy number, in multiple tissues and swabs from 
Muscovy ducks experimentally infected with ABBV-1 through the intracranial (A) or intramuscular (B) routes of infection, 
assessed at 1, 4, 8 and 12 weeks post infection (wpi). 
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(Figure 2-5 cont’d) Significant differences between bar pairs are identified with solid binary connectors. Dashed connector at the end 
of a solid line indicate that differences refer to all the data points under the dashed line. Negative data points are represented as the 
lower limit of the analytical sensitivity for the RT-qPCR (£ 4.66 copy number / 150 ng total RNA). Pairwise comparisons with data 
points below the sensitivity threshold, or between different organs at different time points (i.e., brain at 4 wpi vs. kidney at 8 wpi) are 
not represented. Data columns represent mean log10 virus copy number / 150 total tissue RNA. Two-way ANOVA with Tukey’s test 
for multiple comparisons (* < 0.05, ** < 0.01, *** < 0.001, **** < 0.0001). Data points for gonads, as available only at 12 wpi, were 
not included in the analysis.
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Figure 2-6: Representative immunohistochemistry (IHC) reactivity for ABBV-1 
nucleoprotein (N) in tissues of Muscovy ducks experimentally infected intracranially with 
ABBV-1 and sampled at 12 weeks post infection (wpi). 
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(Figure 2-6 cont’d) (A–D) Immunoreactivity for ABBV-1 N is observed in scattered neurons 
and glial cells in the cortex of the forebrain (A, duck #502), periventricular neuroparenchyma (B, 
duck #537), scattered Purkinje and granular cell in the cerebellum (C, duck #502), and in clusters 
of large neurons in the medulla oblongata (D, duck #543). Reactivity is most often intensely 
nuclear, with rare light cytoplasmic signal. (E–L) In the peripheral nervous tissue, 
immunoreactivity is observed in the axons of peripheral nerves (E, duck #502), myenteric 
plexuses of the small intestine (F, duck #542), and ventriculus (G, duck #502), ganglia and 
acinar cells of the pancreas (H, duck #502), and medullary and cortical cells of the adrenal gland 
(I, duck #502). (J–L) In testis, reactivity is observed in the interstitial cells between tubules (J, 
duck #502), and in the ovary, reactivity is present in the interstitial cells between follicles, theca 
cells, and granulosa cells (K, L, duck #542). 
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Figure 2-7: Representative Western blots used to identify presence of immunoglobulin against aquatic bird bornavirus 1 
(ABBV-1) nucleoprotein (N), in the serum of Muscovy ducks experimentally infected with ABBV-1. 
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(Figure 2-7 cont’d) Depicted are blots done using the sera from ducks infected through the 
intracranial (top row, panels A and B) or intramuscular (bottom row, panels C and D) routes, 
both at 1 (panels A and C) and 12 (panels B and D) week post infection (wpi). (+) positive 
control consisting of lysate of CCL-141 cells persistently infected with ABBV-1, and blotted 
using a monospecific rabbit antibody against the ABBV-1 N protein. (L) ladder. (C) Lysate of 
CCL-141 cells persistently infected with ABBV-1 and blotted using Muscovy duck serum as 
primary antibody. (D) Lysate of CCL-141 cells not infected with ABBV-1, and blotted using 
Muscovy duck serum as primary antibody. Each bird is identified by its number at the bottom of 
each blot. The ABBV-1 N protein migrates between 40 and 30 kDa; birds with serum identifying 
a band of this molecular size are considered seropositive.  
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Figure 2-8: Isolation of ABBV-1 from the brain of an experimentally infected Muscovy duck at 12 wpi. Immunofluorescence 
assay for ABBV-1 N antigen in control (CO) duck #822 and intracranial (IC) duck #542 at passage 3. 
 
The brain from the IC duck yielded ABBV-1 in CCl-141 after three passages, as shown by nuclear signal in scattered cells. No signal 
is appreciated in the brain of the CO duck.
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Figure 2-9: Isolation of ABBV-1 from the kidney of an experimentally infected Muscovy duck at 12 wpi. Immunofluorescence 
assay for ABBV-1 N antigen in control (CO) duck #816 and intracranial (IC) duck #505 at passage 3. 
 

The kidney from the IC duck yielded ABBV-1 in CCl-141 after three passages, as shown by nuclear signal in scattered cells. No 
signal is appreciated in the kidney of the CO duck. 
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3.1 Abstract 

Aquatic bird bornavirus 1 (ABBV-1), classified in the Orthobornavirus genus, is a 

neurotropic virus that infects wild waterfowl causing persistent infection of the nervous system. 

In Canada geese, the seroprevalence to ABBV-1 can be up to 50 % in some populations. Given 

the conspicuous presence of wild waterfowl in urban areas and farmlands, spillover of this virus 

into domesticated poultry species is a possible threat. Therefore, the goal of this study was to test 

the ability of ABBV-1 to infect and cause disease in chickens.  

Two-day-old, White Leghorn chickens (n = 176) were infected with ABBV-1 through the 

oral, intramuscular, or intracranial routes, and sampled at 1, 4, 8 and 12 weeks post infection 

(wpi) to assess virus replication and development of lesions. Chickens became infected only 

through the intracranial and intramuscular routes, developing earliest persistent infection in the 

brain (intracranial group) and spinal cord (intramuscular group) by 1 wpi and 8 wpi, respectively. 

No other tissues, including choanal and cloacal swabs, tested positive for the virus. Therefore, 

while the virus was able to reach the central nervous tissue from the muscle (centripetal spread), 

it did not reach peripheral sites after intracranial administration (centrifugal spread). 

Mononuclear inflammation in the central nervous system was observed in the intracranial group 

starting at 8 wpi, with the only bird showing neurological signs being from this group.  

This is the first study to document the pathogenesis of ABBV in chickens and indicates 

that this species can only partially support ABBV-1 replication, suggesting that this virus is host 

restricted in gallinaceous birds.  

 
Running title: Aquatic bird bornavirus in chickens 

Keywords: ABBV, chickens, pathogenesis, encephalitis, intracranial 
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3.2 Introduction 

Avian viruses in the Orthobornavirus genus, family Bornaviridae, have been collectively 

referred to as avian bornaviruses (ABVs). Taxonomically, these viruses have been classified into 

5 species (Passeriform orthobornavirus 1 and 2; Psittaciform orthobornavirus 1 and 2; and 

Waterbird 1 orthobornavirus ), based on the degree of genetic divergence and natural 

establishment in certain avian reservoirs.2 Viruses in the Psittaciform orthobornavirus species 

(i.e., parrot bornaviruses, PaBVs) are the causative agent of proventricular dilatation disease 

(PDD), a chronic disease characterized by inflammation of the intestinal nervous ganglia, with 

variable degrees of concurrent encephalitis and myelitis.53,61 Aquatic bird bornavirus 1 (ABBV-

1), in the Waterbird 1 orthobornavirus species, causes a similar disease in wild waterfowl, 

characterized by inflammation of the central and peripheral nervous system, distention of the 

proventriculus, and wasting. Infection of Canada geese and Trumpeter swans with ABBV-1 was 

initially documented in a retrospective case series of wild waterfowl postmortem cases from 

Ontario, Canada.24 Subsequent surveillance studies have shown that ABBV-1 (as detected by 

molecular tests) is widely distributed in wild waterfowl in North America, with seroprevalence 

of up to 50 % in certain waterfowl populations.22,37,93  

Recently, our laboratory established an animal model of ABBV-1 infection in two-day-

old Muscovy ducks (Cairina moschata), as a representative waterfowl species.Ch2 We have 

shown that ducklings can be infected with ABBV-1 through both intracranial and intramuscular 

inoculation routes, sustain high-titer virus replication in tissues, and are susceptible to both 

centripetal (from the periphery to the central nervous tissue) and centrifugal (from the central 

nervous tissue to several peripheral sites) virus spread, including shedding through oral and 

cloacal secretions. Additionally, infected ducklings showed encephalitis and myelitis, 
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recapitulating some of the microscopic findings observed in natural infection.24 This was the first 

study to demonstrate the infectious potential of ABBV for domestic poultry species, and aligns 

with a growing body of evidence suggesting that avian bornaviruses have the ability to spill over 

and infect a multitude of avian taxa, indicating a broad host range.21,36,91 For instance, ABBV-1 

has been shown to infect and cause disease in gulls, raptors, and an emu.39,87,94 Phylogenetic 

analysis of several ABV isolates indicates that these viruses spread horizontally between 

multiple avian taxa, and is has been hypothesized that parrot bornaviruses may have originated 

from strains circulating in waterfowl species.91 

Given the widespread distribution of wild waterfowl in urban areas and farmlands, and 

the relatively high prevalence of infection of ABBV-1 in wild waterfowl populations, the 

introduction and establishment of ABBV-1 in domestic poultry flocks is a possible threat. We 

hypothesized that ABBV-1 can infect and cause disease in the chicken, selected as a 

representative gallinaceous bird (taxonomically distant from waterfowl) and the most relevant 

domestic poultry species worldwide. We tested the ability of ABBV-1 to infect, cause clinical 

signs and lesions, and induce seroconversion in groups of two-day-old White Leghorn chickens 

(Gallus gallus domesticus) inoculated through three routes of administration.   

3.3 Materials and Methods 
 
3.3.1 Virus inoculum 

A suspension of cell-free virus was produced from immortalized duck embryo fibroblasts 

(ATCC CCL-141) that were persistently infected with ABBV-1, as previously described.Ch2 

Briefly, confluent 10–15 cm diameter dishes of persistently infected CCL-141 cells were lysed 

with deionized water (osmotic shock) and one cycle of freeze/thaw in a ultra-cold freezer (-80); 

cell debris and supernatant were then collected, cleared by centrifugation, and the cell-free virus 
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was concentrated by precipitation with PEG-8000 solution (30 % w/v) and resuspended in 

phosphate-buffered saline (PBS) with 1 % fetal bovine serum (FBS) to a final volume ratio of 

150:1. The virus stock was titered by the tissue culture infectious dose 50 % method (TCID50, 

limiting dilution) in CCL-141 cells, coupled with immunofluorescence for ABBV-1 

nucleocapsid (N) protein to detect infected wells, as the virus does not have cytopathic effect. 

Immunofluorescence was conducted as previously described, using a monospecific antibody 

raised in rabbits against a synthetic peptide representing a conserved region of the N-terminus of 

the ABBV-1 N protein.Ch269,96 The final titer was calculated by the Spearman-Karber formula 

and reported as TCID50 / mL. 

3.3.2 Experimental design 

All experimental procedures involving animals were approved by the University of 

Guelph Animal Care and Use Committee (Animal Utilization Protocol 3978), and conducted in 

accordance with the relevant regulations. A graphical representation of the experimental design 

is outlined in Figure 3-1.  

A total of 176, day-old specific pathogen free (SPF) White Leghorn chickens were 

sourced from the Canadian Food Inspection Agency (Ottawa, ON, Canada) and delivered to the 

University of Guelph Central Animal Facility Research Isolation Unit (Guelph, ON, Canada). 

Upon arrival, birds were randomly assigned to four experimental groups (40 birds / room plus 3-

4 birds for attrition) and neck tagged for single bird identification. Each experimental group was 

kept separately in a different room under negative pressure. Birds were placed on the floor with 

soft wood shaving and provided food and water ad libitum for the length of the experiment (12 

weeks). Infra-red lamps, to aid in temperature regulation, were provided at floor level until 3 

weeks of age. Artificial light provided a photoperiod of 12:12 hrs of light:dark.  
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The day after placement, chicks from each room were inoculated with ABBV-1 through 1 

of 4 routes (one route / room), as described previously: intracranial (IC, 50 µL injected into the 

subdural space of the right cerebral hemisphere, corresponding to 6.5 x 104 focus forming units 

[FFU] / bird), intramuscular (IM, 100 µL injected into the right gastrocnemius muscle, 1.3 x 105 

FFU / bird), or oral (PO, 100 µL delivered into the oral cavity, 1.3 x 105 FFU / bird). Sham-

inoculated (control) birds (CO) were given a lysate from non-infected CCL-141 cells delivered 

through all 3 inoculation routes, using the same volumes.Ch2 Chickens were checked daily for 

clinical signs, and birds that died unexpectedly were sampled regardless of schedule (see below).  

At 1, 4, and 8 weeks post infection (wpi), 10 chickens were randomly selected from each 

experimental group to be euthanized. During the last time point, extra birds included for attrition 

were also sampled. Immediately before euthanasia, swabs (choanal and cloacal) and blood for 

serum were collected. Birds up to 4 week old were euthanized by carbon dioxide (CO2) 

inhalation, after being anesthetized with isoflurane in a 7 L vented induction chamber 

(VetEquip). Older birds (8 and 12 wpi) were euthanized with 100 mg / kg of pentobarbital 

delivered intravenously. 

All euthanized birds underwent complete postmortem analysis. At each time point, 3 

birds from each experimental group (total, 48 birds) were sampled for an extensive list of tissues 

to be processed for histopathology and immunohistochemistry, as detailed below. From the 

remaining birds (range 7–10, Figure 3-1), 4 tissues (brain, lumbar spinal cord, kidney, and 

proventriculus) were sampled for both RNA extraction and histopathology.  

3.3.3 Histopathology 

From birds undergoing extensive tissue sampling, the following organs were collected 

and fixed in 10 % neutral buffered formalin: brain, spinal cord (cervical, thoracic, lumbar), 
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ischiatic nerves, brachial plexuses, kidneys, gonads, proventriculus, ventriculus, heart, pancreas, 

adrenal glands, thyroid/parathyroid glands, segment of small intestine (at the level of the 

Merkel’s diverticulum), colon, lung, liver, spleen, trachea, esophagus, bursa of Fabricius, 

thymus, and the right gastrocnemius muscle (only for IM and CO groups, as this was the site of 

inoculation). After fixation for 48–72 hrs, tissues were transferred to 70 % ethanol until 

processing.  

For young birds at the first sampling time (1 wpi), the skull and segments of vertebral 

column were collected intact, decalcified for 24–48 hours after fixation (Cal-Ex II Fixative 

Decalcifier, Fisher Scientific), and trimmed with the nervous tissue in situ, to decrease possible 

tissue damage during dissection. Regardless of sampling time point, when the whole brain was 

available for histopathological assessment, coronal sections of cerebrum, optic lobe, brainstem, 

and cerebellum were obtained. Two cross sections were taken from each segment of the spinal 

cord.  

The brain, lumbar spinal cord, kidney, and proventriculus from the birds collected for 

RNA extraction were also processed for histology, only from the IC and IM groups at 8, and 12 

wpi, as these were the only groups and time points showing lesions. For these additional 32 

birds, only opportunistic samples of the brain could be evaluated, as approximately half the 

tissue was collected for RNA extraction (Figure 3-1).  

For all tissues, after trimming, tissues were embedded in paraffin, and routinely 

processed for sectioning and staining with hematoxylin and eosin (H&E).  

3.3.4 Microscopic pathology and lesion scoring in the nervous system 

Presence of microscopic lesions was recorded by routine evaluation of the slides. In 

addition, the severity of mononuclear inflammation in the brain and spinal cord was evaluated 
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based on a semi-quantitative grading scheme, as previously described (Table 3-1).Ch2 

Histological assessment and scoring was carried out by one member of the investigative team 

(M. Iverson). 

Briefly, the score took into consideration the intensity of inflammation (thickness of 

perivascular cuffs) and the extent of the inflammation (number of cuffed vessels), as assessed in 

up to 10, randomly selected 100X fields for each brain area (i.e., cerebrum, cerebellum, 

brainstem, optic lobe). For the spinal cord, scores were tallied on the entire available area. For 

separate brain areas and segments of spinal cord, sub-scores ranged 0-6. For the birds undergoing 

detailed histopathological evaluation (3 birds / inoculation group / time point, 48 birds total) a 

final summative brain score was composed of the sub-score of the cerebrum and cerebellum, 

ranging from 0 to 12. Other lesions in the nervous system (meningitis, peripheral neuritis, 

gliosis) were tallied nominally, but were not included to be part of the final score (Table 3-1).  

3.3.5 Immunohistochemistry 

Immunohistochemistry (IHC) for ABBV-1 was conducted only on tissues of chickens in 

the IC group at 12 wpi, as this group had the widest tissue distribution of virus as assessed by 

reverse transcriptase quantitative polymerase chain reaction (RT-qPCR). For this group, IHC 

was carried out on all tissues from three birds that underwent extensive tissue collection. An age-

matched control bird was used as a negative control.  

The IHC for ABBV-1 was carried out as previously described.Ch2 Briefly, antigen 

retrieval was done by protease treatment (Proteinase K; Dako/Agilent Technologies Canada Inc 

), and tissues were incubated with a rabbit anti-ABBV-1 monospecific antibody69,96  at 1:6000 

dilution for 30 min, followed by a 30 min incubation with a peroxidase-linked polymer detection 

system (EnVision+; Dako/Agilent Technologies Canada Inc.). Reaction was visualized using the 
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Nova Red chromogen (Vector Laboratories, Burlington, ON, Canada). Formalin-fixed, paraffin-

embedded brain tissue from a Canada goose (Branta canadensis) that was diagnosed to be 

naturally infected with ABBV-1 was included as a positive control for the IHC technique.9 Non-

immune rabbit serum was used in place of the primary antibody on the positive control slides, to 

check for non-specific staining or background.  

On a subset of tissues with severe inflammation of the nervous tissue, IHC for CD3 

(rabbit polyclonal antibody raised against the human homologue, Dako) and Pax5 (Pax5, mouse 

monoclonal antibody raised against the human homologue, clone 24, BD Biosciences) was 

carried out to evaluate the relative contribution of T and B lymphocytes to the inflammatory 

population. IHC for T cell markers was done using previously established protocols.29 All the 

immunohistochemistry assays were carried out by the Animal Health Laboratory (Guelph, ON, 

Canada), which is an American Association of Veterinary Laboratory Diagnosticians (AAVLD) 

accredited laboratory. 

 
3.3.6 Quantification of virus genome copy number in tissues 
 

For each experimental group and each time point, at least 7 birds (plus extra for attrition 

at 12 wpi) were sampled to collect tissues for RNA extraction and RT-qPCR. From each bird, 

brain, lumbar spinal cord, proventriculus, kidneys and choanal and cloacal swabs (all euthanized 

birds) were collected into sterile screw cap tubes containing 1.0 mL of preserving solution (20 

mM ethylenediaminetetraacetic acid [EDTA], 25 mM sodium citrate, and 70 % (w/v) ammonium 

sulfate with a pH of 5.2), and stored at -80 °C until RNA extraction.   

Total RNA was extracted, reverse transcribed, and the virus RNA was detected by RT-

qPCR with primers and fluorescent probe targeting the ABBV-1 N gene, using a Roche Light 
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Cycler-480 model as previously described.Ch2 Cycle threshold (Ct) less than 35 was considered 

to be positive. For each reaction, the number of genome copies per 100 ng of RNA (tissues) or 

300 uL of sample (swabs) was interpolated based on a standard curve made by using limiting 

dilutions of a gBlock gene fragment containing the entire N gene of ABBV-1. A dilution of the 

standard curve was run in parallel for each plate.Ch2 

3.3.7 Virus isolation from brain 

To test if the virus detected by RT-qPCR was infectious, isolation of ABBV-1 was 

attempted from the brain of 2 chickens in the IC and 2 from the CO group at 12 wpi, as described 

before.Ch2 Briefly, brains were minced, resuspended in 10 % Dulbecco’s modified eagle media 

[DMEM] supplemented with 10 % FBS, and homogenized (Precellys 24 homogenizer, Bertin 

Instruments). Primary duck embryo fibroblasts (DEF) were layered with brain homogenates 

(approximately 100 µl) overnight, washed, and routinely passaged. After the third consecutive 

passage (approximately 19 days post-inoculation), ABBV-1 was detected by 

immunofluorescence using the same monospecific antibody against the N protein, which was 

used for IHC.Ch269,96 As a negative control, brains from two control chickens were homogenized 

and used for virus isolation using the same method.  

3.3.8 Western blot and serology 

The blood collected from all euthanized birds was allowed to coagulate for up to 8 hrs, 

and the serum was separated by centrifugation (2000 g for 10 min). Sera from 6 birds (chosen 

based on quantity and quality of the serum) euthanized at 1 and 12 wpi were used as the primary 

antibody for blots of lysates from CCL-141 uninfected (control) or persistently infected with 

ABBV-1, as previously described.Ch2  In total, 6 birds per two time points per each inoculation 

group were tested (total, 48). Briefly, cells lysates (20 μg of protein, as determined by BSA 
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assay) from uninfected and ABBV-1 persistently infected CCL-141 were loaded onto 12 % 

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gels, resolved, and 

transferred onto polyvinylidene difluoride (PVDF) membranes (25 V for 30 min; semi-dry 

transfer, BioRad). The membranes were incubated with test sera (1:1000 dilution) overnight at 

4 °C after being blocked with 5 % skim milk or 5 % fish gelatin in PBS-T (PBS supplemented 

with 20 % Tween20) at 4 °C overnight. Antibody binding was detected using a horseradish 

peroxidase secondary goat antibody against pan-avian IgY-heavy and light chain at 1:5000 

dilution (A140-110P-Bethyl Laboratories Inc.; Cedarlane) for 1hr, coupled with the 

SuperSignal™ West Pico PLUS Chemiluminescent Substrate (ThermoFisher) for at least 5 min 

before band detection using a ChemiDoc MP Imaging System and Image Lab 6.0.1. software 

(Bio Rad). 

For each serum, the blot included a lane with lysate from persistently infected cells and a 

lane with lysate from uninfected cells. A positive control was run separately using a 

monospecific rabbit antibody against the N protein (used also for IHC) instead of the test sera. 

Sera were considered reactive if a band between approximately 35 and 40 kDa was observed in 

the lane loaded with lysates from persistently infected cells.   

3.3.9 Statistical analysis 

Differences between groups in the severity of nervous microscopic lesions were tested 

using a two-way ANOVA with multiple comparisons (Tukey’s test), considering as the two 

variables time and inoculation route. Differences of the average concentration of genome copy 

number in the tissues of infected birds was tested by two-way ANOVA, with inoculation route 

and time point as the independent variables, followed by multiple comparisons between groups 

(Tukey’s test). In this calculation, tissues with a Ct value ³ 35 were considered negative and 
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tallied as 0 in the calculation of the group averages. A non-parametric Kruskal-Wallis test with 

Dunn’s test for multiple comparisons was implemented to test differences in IHC scores between 

brain regions. Statistical analysis was carried out using GraphPad Prism for iOS, version 9 

(GraphPad Software, La Jolla, USA); for all tests, significance was set at p values < 0.05. 

3.4 Results 

3.4.1 Clinical signs  and gross pathology 

Two chicks in the IC group died immediately after intracranial inoculation due to 

peracute cerebral hemorrhage (these were excluded from the study). Clinical signs were 

identified in two chickens that were euthanized. One chicken in the control group (#416) was 

euthanized at 16 days post infection (dpi) due to progressing lameness of the right leg. Gross and 

histologic examination did not identify a cause for the lameness, and the bird tested negative for 

ABBV-1, however the intramuscular injection into the right gastrocnemius muscle was suspected 

as the possible cause of lameness. At 68 dpi, one bird in the IC group (#136) exhibited severe 

deviation of the cervical spine and was euthanized. Postmortem analysis revealed no gross 

musculoskeletal abnormalities, and the changes in postures were assumed to be caused by a 

neurological deficit. This bird tested positive for ABBV-1 infection and histologically had 

prominent lymphoplasmacytic perivascular cuffs in the central nervous tissue (see below).  

No gross clinical signs or lesions were identified in any of the other birds. Based on the 

postmortem results, the experimental groups had the following sex distribution: 23 males, 18 

females and 3 undetermined in the IC group (n = 44); 15 males, 28 females in the IM group (n = 

43); 24 males, 19 females in the PO group (n = 43); and 19 males, 23 females and 1 

undetermined in the CO group (n = 43).  
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3.4.2 Histopathology and severity of inflammation 

An extensive set of tissues for histopathological evaluation was collected from a total of 

48 birds (3 birds per time point per experimental group). In addition, partial sections of brain, 

spinal cord, and proventriculus were evaluated histologically from an additional cohort of birds 

at 8 and 12 wpi from the IC and IM groups (total, 32 additional birds), which were sampled also 

for RNA extraction.   

Microscopic lesions were identified exclusively in the central nervous system of birds in 

the IC and IM groups starting at 8 wpi, and mainly consisted of non-heterophilic inflammation 

with prominent perivascular cuffs of lymphocytes, which often spilled into the adjacent neuropil 

(Figure 3-2, A, B). A summary of histological findings in nervous system is shown in Table 3-2. 

Overall, inflammation did not appear to target a specific area of the central nervous system. In 

the IC group, encephalitis (inflammation of any section of the cerebrum, optic lobes, brainstem 

or cerebellum) was identified in 100 % of birds at both 8 and 12 wpi, while myelitis was seen in 

27 % and 25 % of birds at each time points, respectively. In this group, gliosis affecting less than 

10 % of the tissue in section was identified in 40 % and 90 % of birds at 8 and 12 wpi, 

respectively. Gliosis was characterized by randomly distributed glial cells arranged in variably-

sized clusters (glial nodules, Figure 3-2, E) or scattered hypertrophied and euchromatic glial 

cells Figure 3-2, F). 

At both 8 and 12 wpi, the inflammatory lesions in the spinal cord were significantly less 

severe compared to the cerebrum, optic lobe, and brainstem; and lesions in the cerebrum were 

significantly more severe compared to the cerebellum (Figure 3-3 and Table 3-3). 

In the IM group, encephalitis (1/12, 8 %) and myelitis (9 %) were seen only in one bird 

(the same bird was affected, #210) at 12 wpi. Spinal meningitis was identified in one bird only at 
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the same time point. In these birds, no gliosis was observed. There were no differences between 

inflammatory scores of segments of the central nervous tissue in birds from the IM group 

(Figure 3-4 and Table 3-4).    

 Taking into consideration only segments of birds with both cerebrum and cerebellum 

available for evaluation, the overall inflammation was more severe in birds from the IC group at 

12 compared to 8 wpi. No final scores were plotted for the IM group, as no birds having both 

segments of the brain showed evidence of encephalitis (Figure 3-5).  

3.4.3 Immunohistochemistry 

The distribution of ABBV-1 N protein was evaluated by IHC from 3 chickens from the 

IC group at 12 wpi. This group was tested, as it showed the broadest and highest magnitude of 

virus replication by RT-qPCR (see below). All tested birds showed non-heterophilic encephalitis, 

similar to what observed in other birds from the same group. Reactivity for ABBV-1 N protein 

was detected in all 3 birds only in the brain and spinal cord; however none of the other tissues (n 

= 17) tested positive, including the gonads or the plexuses in the wall of the gastrointestinal tract 

(Table 3-5). Reactivity in the brain was multifocal and randomly distributed, without 

predilection for specific sites, and was observed mainly in neurons (Figure 3-7, A–C), although 

immunolabeling was rarely observed in glial cells (Figure 3-7, B). The extent of IHC reactivity 

was scored (Table 3-5) for separate areas of the central nervous system, and no differences were 

identified between brain areas (Kruskal-Wallis test with Dunn’s multiple comparisons; data not 

shown). Immunohistochemistry for CD3 (Figure 3-2, C) and Pax-5 (Figure 3-2, D) revealed 

that the majority of inflammatory cells forming the perivascular cuffs were formed by T 

lymphocytes. 
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3.4.4 Virus replication in tissues 

The genome copy number of ABBV-1 were interpolated based on a standard curve with 

serial dilution of a gBlock plasmid containing the N gene of the virus. No virus genetic material 

was detected in the CO and PO groups. In the IC group, ABBV-1 RNA was first detected in the 

brain at 1 wpi in 5/7 birds (71 %), and in the subsequent time points was detected in all tested 

birds (100 %) with increasing magnitude up until 12 wpi (Table 3-6). In the spinal cord, virus 

RNA was detected starting at 4 wpi in 2/7 birds (29 %), and increased gradually at 8 and 12 wpi 

in both frequency (> 75 % of birds) and magnitude. The equivalent genome copy number in the 

brain at 12 wpi was highest, and significantly different compared to the titer in the brain at 

previous time points and the spinal cord at 12 wpi (Figure 3-7, A). Only one bird had viral RNA 

in the renal tissue at 4 wpi, albeit at very low titers. No other tissues or swabs were positive for 

ABBV-1 RNA in the IC group.  

In the IM group, virus RNA was detected in the spinal cord at 8 and 12 wpi, with an 

increase in copy number at 12 wpi (Table 3-6). In the brain, ABBV-1 RNA was detected 

exclusively in 2/10 (20 %) birds at 12 wpi. No differences between the average virus copy 

numbers in different organs or time points were significant in the IM group (Figure 3-7, B). No 

other tissues or swabs were positive for ABBV-1 RNA in the IM group. 

3.4.5 Virus isolation from brain 

 ABBV-1 was successfully isolated in primary duck embryo fibroblasts from the brain of 

2 chickens from the IC group and sampled at 12 wpi (data not shown). The isolation procedure 

from birds in the CO group did not yield infectious virus. 



 
 

90 

 

3.4.6 Serology 

Presence of antibodies against the N protein of ABBV-1 was tested using the serum of 

infected birds in protein blots of persistently infected cells at 1 and 12 wpi. Results showed that 

none of the birds in the CO and PO groups had reactive sera. In the IC and IM groups, no birds 

had reactive sera at 1 wpi, while there were 2 and 1 birds seropositive at 12 wpi, respectively, 

highlighting a band between 35 and 40 kDa (Figure 3-8).  

3.5 Discussion 

This study reveals that White Leghorn chickens, an important avian species of the 

commercial poultry industry, are susceptible to infection with ABBV-1. To our knowledge, this 

is the first successful ABBV-1 in vivo experimental infection of a Gallinaceous bird. Prior to our 

study, there had been one published attempt at experimental infection of chickens using Borna 

disease virus (BoDV). Ludwig and colleagues inoculated one day-old chicks intracranially with 

brain homogenate from BoDV-infected rabbits.76 All chicks (100 %) in the experimental group 

developed neurologic signs including paralysis of legs and wings and birds examined 

histologically had characteristic BoDV intranuclear Joest-Degen inclusion bodies. There is also 

one case report of a Gallinaceous bird (Himalayan monal) naturally infected with psittacine 

bornavirus 4 (PaBV-4), as confirmed by RT-qPCR and IHC of brain tissue.7 

In the present study, intracranial inoculation of White Leghorn chickens with ABBV-1 led 

to viral spread and replication that was largely limited to the nervous tissue, apart from one 

kidney from the IC inoculation group at 4 wpi, albeit at a low viral titer. IHC of IC birds at 12 

wpi, supports virus remaining within nervous tissue, as immunoreactivity was only identified in 

neurons and glial cells of the brain and spinal cord. These results differ from our previous study 

of ABBV-1 infection of Muscovy ducks which also showed centrifugal viral spread (i.e. from the 
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central nervous system to peripheral tissues).Ch2 By 12 wpi in 100 % of IC and IM inoculated 

ducks, viral RNA was identified in both the nervous system and peripheral tissues including 

proventriculus, kidney, and gonads as shown by RT-qPCR and IHC. Similar to our work in 

ducks, in IM inoculated chickens, the virus spread centripetally, as shown by the virus first being 

present via RT-qPCR in the spinal cord at 1 wpi followed by the brain at 4 wpi. 

Microscopic lesions, characterized by lymphocytic perivascular inflammation within the 

nervous tissue, was present almost exclusively in the IC group of chickens. At 8 and 12 wpi, 100 

% of IC chickens had encephalitis, with the highest overall inflammation scores occurring at 12 

wpi. Only one IM chicken from all time points developed a mild encephalitis (seen at 12 wpi), 

despite some brains (2/10) and spinal cords (3/9) from this same timepoint testing positive by 

RT-qPCR. This differs from IC ducks, where encephalitis began earlier, at 4 wpi, with the 

highest inflammation scores seen at this same time point.Ch2  In ducks, histologic lesions were 

also seen in the IM group as early as 4 wpi with nearly all ducks in this group having 

encephalitis by 12 wpi.  

Gliosis, characterized by variably-sized, dense, clusters of glial cells (glial nodules) or an 

overall increase in scattered enlarged euchromatic glial cells within an area, was observed in 

chickens at 8 and 12 wpi, and correlated with the increasing frequency and highest overall 

inflammation scores. This is similar to in ducks where the highest frequency of gliosis coincided 

with the highest overall inflammation scores, at 4 wpi.  

By 12 wpi, only 2 of 6 IC infected chickens had seroconverted in comparison to 6 of 6 IC 

infected ducks at this same time point. In addition, choanal or cloacal viral shedding was not 

seen at any timepoints within the inoculation groups.  
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While the findings in chickens are overall similar to those seen in our previous ABBV 

study in Muscovy ducks, the progression of disease in chickens appears delayed, with later 

timepoints for viral RNA to be detected in nervous tissues and development of histologic lesions. 

Furthermore, by the end of the experiment, viral RNA was not found in the peripheral tissues of 

chickens or in choanal/cloacal secretions and only a couple of birds had seroconverted. This 

delay in the development of CNS inflammation and viral spread to peripheral tissues may be the 

reason for the lack of clinical signs. A long onset to clinical signs has been described in other 

experimental models of ABVs, including experimental infection of PaBV-4 in adult cockatiels 

via a combination of IM and PO routes, which did not result in clinical signs until 92 dpi.92 In 

addition, natural cases of ABBV-1 have been identified in many healthy waterfowl, not showing 

clinical signs.93,124 The delayed onset of disease in chickens, may also suggest that Gallinaceous 

birds are less permissive to ABBV-1, which supports some of our earlier work showing that the 

virus grows poorly in chicken immortalized cell lines.69,96 

To confirm that the virus detected by RT-qPCR was infectious, we successfully isolated 

ABBV-1 from the brain of 2 chickens from the IC group. This is significant as it enforces our 

results by indicating that there is replication of infectious virus in the brains of infected birds. 

The SPF White Leghorn chickens used in this study were obtained from the Canadian 

Food Inspection Agency at one-day-old and inoculated the following day. While we did not have 

an accurate method to confirm each chick was ABBV-1 negative prior to inoculation (PCR of 

nervous tissue is the best method for detection) we are confident in our results as at no point 

during the study were tissues from birds in the CO or PO groups RT-qPCR positive for ABBV-1. 

In this study, we demonstrated that two-day-old White Leghorn chickens are susceptible 

to infection with ABBV-1 but do not appear to readily develop clinical signs, at least up to 12 
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wpi. ABBV-1 delivered IC and IM, but not PO, leads to spread of viral RNA throughout the 

nervous tissue and development of characteristic histological lesions, although delayed in 

comparison to ABBV-1 infection of Muscovy ducks. Further investigation into the development 

of clinical signs and potential for horizontal transmission is needed in order to better assess the 

risk ABBV poses to the commercial poultry industry.  
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3.6 Tables and Figures 
 
Table 3-1: Semi-quantitative scoring of inflammation and immunohistochemical reactivity for aquatic bird bornavirus 
nucleoprotein in the brain and spinal cord of 2 day-old White Leghorn chickens experimentally infected with ABBV-1. 

    Inflammation Score   Immunohistochemical Score 
    Intensity Distribution   Distribution 

+0   No PVCs observed No PVCs observed   No reactivity observed 
+1   PVCs are 1-2 layers wide 1-10 vessels per 100X field are affected   1-7 positive cells per 400X field 
+2   PVCs are 3-4 layers wide 11-20 vessels per 100X field are affected   8-14 positive cells per 400X field 
+3   PVCs are >5 layers wide >21 vessels per 100X field are affected   >15 positive cells per 400X field 

  Sub-score = intensity score + distribution score (range, 0-6)   

    FINAL SCORE = sum of sub-score from cerebrum and cerebellum 
(range, 0-12)     

 
PVCs = perivascular cuffs  
The sub-scores were obtained by summing the intensity and distribution score for each anatomical segment of the brain and the spinal cord. For the brain, the 
final score was composed by adding the sub-scores from the cerebrum and cerebellum (final score range, 0-12). For the spinal cord, only a sub-score was used, as 
distinction between segments was not used.   
For the IHC, a final score was not tallied as only 3 birds were tested (see text for details).   
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Table 3-2: Tally of chickens presenting inflammation and/or gliosis in different areas of the central nervous system upon 
inoculation with ABBV-1 by the intracranial (IC) and intramuscular (IM) routes at different weeks post infection (wpi). 

 
Affected Area or 
Disease category 

 IC  IM 
 1 wpi 4 wpi 8 wpi 12 wpi Total  1 wpi 4 wpi 8 wpi 12 wpi Total 

Cerebruma  0/3d 0/3 10/10 11/11 21/27e  0/3 0/3 0/10 0/12 0/28 
Optic lobe  0/2 0/3 7/8 10/11 17/24  0/3 0/3 0/9 0/12 0/27 
Brainstem  0/2 0/3 7/8 8/8 15/21  0/3 0/2 0/6 1/9 1/20 

Cerebellum  0/3 0/3 7/9 8/10 15/25  0/3 0/2 0/8 0/13 0/26 
Spinal cord  0/3 0/3 2/7 2/8 4/21  0/3 0/2 0/9 1/11 1/25 

Brain meninges  0/3 0/3 7/10 8/10 15/26  0/3 0/3 0/10 0/12 0/28 
Spinal meninges  0/3 0/3 0/7 4/8 4/21  0/3 0/3 0/8 1/11 1/25 

Peripheral nerves  0/3 0/3 0/3 0/3 0/12  0/3 0/3 0/3 0/3 0/12 
Encephalitisb  0/3 0/3 10/10 11/11 21/27  0/3 0/3 0/10 1/12 1/28 

Gliosis in brainc  0/3 0/3 4/10 9/10 13/26  0/3 0/3 0/10 0/13 0/29 
 
aIndicates anatomical areas affected by inflammation, with the exception of “gliosis” category.  
bEncephalitis, as tallied in birds with inflammatory lesions in any brain section (cerebrum, optic lobe, brainstem, cerebellum).  
cGliosis, as assessed in birds with proliferation and hypertrophy of glial cells and formation of glial nodules in any brain section (cerebrum, optic lobe, brainstem, 
cerebellum) or spinal cord. 
dNumber of birds with disease in that anatomical location / number of birds tested at that time point.  
eNumber of birds with disease in that anatomical location / total number of birds tested over all the time points.  
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Table 3-3: Sub-scores and final scores of inflammation in different areas of the central nervous system for individual White 
Leghorn chickens inoculated with ABBV-1 by the intracranial (IC) route at different weeks post infection (wpi). 

IC 
Affected 

areas 
 1 wpi  4 wpi  8 wpi 

Cerebruma  0b 0 0  0 0 0  2 2 2 5 6 4 2 6 2 2 

Optic lobe  0 NA 0  0 0 0  2 2 2 5 NA 5 2 NA 2 0 

Brainstem  0 NA 0  0 0 0  2 2 2 4 NA 5 NA 3 2 0 

Cerebellum  0 0 0  0 0 0  2 2 2 3 NA 2 0 4 2 0 

Spinal cord  0 0 0  0 0 0  2 0 2 0 0 NA NA NA 0 0 

Brainc  0 0 0  0 0 0  4 4 4 8 NA 6 2 10 4 2 

Affected 
areas 

 12 wpi 

Cerebrum  4 6 4 6 3 6 6 4 6 4 3 

Optic lobe  2 3 3 2 4 0 6 5 3 5 4 

Brainstem  2 4 2 2 3 NA 6 NA 6 NA 5 

Cerebellum  2 2 2 0 4 0 4 NA 2 2 3 

Spinal cord  2 0 0 0 0 NA NA 4 0 0 NA 

Brain  6 8 6 6 7 6 10 NA 8 6 6 
 

aIndicates areas of the brain, for which inflammation sub-score are reported.  
bIndicates the sub-score for each section of the brain and spinal cord. 
cIndicates the final score of inflammation based on the sum of the sub-scores for cerebrum and cerebellum.  
NA = tissue not available for analysis.  
Refer to Table 3-1 for additional details on scoring of inflammatory lesions. 
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Table 3-4: Sub-scores and final scores of inflammation in different areas of the central nervous system for individual White 
Leghorn chickens inoculated with ABBV-1 by the intramuscular (IM) route at different weeks post infection (wpi). 

  IM 
Affected 

areas 
 1 wpi  4 wpi  8 wpi 

Cerebruma  0b 0 0  0 0 0  0 0 0 0 0 0 0 0 0 0 

Optic lobe  0 0 0  0 0 0  0 0 0 0 0 0 0 0 NA 0 

Brainstem  0 0 0  0 0 0  0 0 0 0 NA NA NA 0 NA 0 

Cerebellum  0 0 0  0 0 0  0 0 0 0 NA 0 0 0 NA 0 

Spinal cord  0 0 0  0 0 0  0 0 0 0 0 0 NA 0 0 0 

Brainc  0 0 0  0 0 0  0 0 0 0 NA 0 0 0 NA 0 

Affected 
areas 

 12 wpi 

Cerebrum  0 0 0 0 0 0 NA 0 0 0 0 0 0 

Optic lobe  0 0 0 0 0 0 0 NA 0 0 0 0 0 

Brainstem  0 0 0 2 0 NA 0 NA NA NA 0 0 0 

Cerebellum  0 0 0 0 0 0 0 0 0 0 0 0 0 

Spinal cord  0 0 0 3 0 0 0 0 NA 0 0 0 NA 

Brain  0 0 0 0 0 0 NA 0 0 0 0 0 0 

 

aIndicates areas of the brain, for which inflammation sub-score are reported.  
bIndicates the sub-score for each section of the brain and spinal cord. 
cIndicates the final score of inflammation based on the sum of the sub-scores for cerebrum and cerebellum.  
NA = tissue not available for analysis.  
Refer to Table 3-1 for additional details on scoring of inflammatory lesions.  
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Table 3-5: Presence of aquatic bird bornavirus 1 N protein in the tissues of 3 chickens 
infected in the IC group at 12 weeks post infection. 

Tissues Chicken #1 #2 #3 Total Cells positive for ABBV 
antigene 

Cerebrum 2a 2 1 3/3b 

Neurons, glial cells, Purkinje 
cells 

Optic Lobe 2 1 2 3/3 
Brainstem 1 0 1 2/3 

Cerebellum 1 0 0 1/3 
Spinal cord 1 0 1 2/3 Neurons, glial cells 

Peripheral nerves -c - - 0/3 - 
Kidney - - - 0/3 - 
Gonad - (M)d - (F) - (F) 0/3 - 

Proventriculus - - - 0/3 - 
Ventriculus - - - 0/3 - 

Heart - - - 0/3 - 
Pancreas - - NA 0/2 - 
Adrenal - - - 0/3 - 

Thyroid/parathyroid - - - 0/3 - 
Small intestine - - - 0/3 - 

Colon - - - 0/3 - 
Lung - - - 0/3 - 
Liver - - - 0/3 - 

Spleen - - - 0/3 - 
Trachea - - - 0/3 - 

Esophagus - NA - 0/2 - 
Bursa - - NA 0/2 - 

 

aIndicates IHC distribution score for cerebrum, optic lobe, brainstem, cerebellum, and spinal cord. 
bIndicates the total number of birds with immunohistochemical reactivity in that tissue / total number of birds with 
available tissue for testing.  
cIndicates presence (+) or absence (-) of immunohistochemical reactivity in the tissue (without distribution score).   
dIn parenthesis, male (M) or female (F) sex of the bird is indicated.  
eDescription of the type of positive cells.  
NA = tissue was not available for analysis.  
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Table 3-6: Number of birds that tested positive for the ABBV-1 N gene, and average magnitude of virus copy number, in the 
intracranial (IC) and intramuscular (IM) groups at 1, 4, 8, and 12 weeks post infection (wpi). 

  IC  IM 
Samples  1 wpi 4 wpi 8 wpi 12 wpi  1 wpi 4 wpi 8 wpi 12 wpi 

Brain 
 5/7a 7/7 7/7 8/8  0/7 0/7 0/7 2/10 
 (2.07 x102)b (7.62 x 105) (1.08 x 106) (5.62 x 106)  - - - (6.22 x 101) 

Spinal cord 
 0/6 2/7 7/7 6/8  0/7 0/7 3/7 3/9 
 - (4.22 x 101) (3.73 x 104) (2.40 x 106)  - - (4.14 x 102) (1.87 x 106) 

Proventriculus 
 0/7 0/7 0/7 0/8  0/7 0/7 0/7 0/10 
 - - - -  - - - - 

Kidney 
 0/7 1/7 0/7 0/8  0/7 0/7 0/7 0/10 
 - (9.72 x 101) - -  - - - - 

Cloacal swab 
 0/10 0/10 0/10 0/11  0/10 0/10 0/10 0/13 

 - - - -  - - - - 

Choanal swab 
 0/10 0/10 0/10 0/11  0/10 0/10 0/10 0/13 
 - - - -  - - - - 

           
          

aIndicates number of birds positive for that tissue / total number of birds tested for that tissue at that time point. 
bIn parenthesis is the average virus titer calculated from birds that tested positive.   
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Figure 3-1: Schematic representation of the experimental plan for infection of White 
Leghorn chickens with ABBV-1.  
Includes the virus inoculum, the number of birds in each experimental groups (IC, intracranial; 
IM, intramuscular; PO, oral; CO, control), euthanasia schedule, and the sampling protocol for 
downstream testing. “H”, indicates birds that were sampled for detailed histopathological 
analysis; “R”, indicates birds sampled for virus titration by RT-qPCR. Numbers in parenthesis 
indicate the actual number of ducks used and remaining at each time point, based on unexpected 
deaths and extra birds. See text for detailed description. 
 
aThree chicks were euthanized at two-days of age, prior to inoculation, to be used as early control birds. 
bTwo chicks died immediately following inoculation. 
cBetween 1 wpi and 4 wpi, one chicken was euthanized at 16 days post infection (dpi). 
dBetween 8 wpi and 12 wpi, one chicken was euthanized at 68 dpi. 
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From all R and H birds, 

the following were 

sampled at the time of 

euthanasia: choanal and 

cloacal swabs, blood for 

serology.

From H birds, numerous 

tissues were collected for 

histopathology and 

immunohistochemistry 

(detailed histopathological 

analysis, see text).

From R birds, 4 tissues were collected 

(brain, lumbar spinal cord, 

proventriculus, kidneys) for RNA 

extraction, and also fixed in formalin 

for histopathology. Gonads were 

collected only at 12 wpi.

• Total swabs tested by RT-qPCR: 338
(169 birds)

• Total tissues tested by RT-qPCR: 482
(121 birds)

• Ducks evaluated for detailed 

histopathological analysis: 48 birds

• Total R ducks with brain, spinal cord, 

kidney, and proventriculus processed 

for histology: 32 birds

• Total birds used for histopathological 

semi-quantitative scoring of brain and 

spinal cord: 56 birds (27 IC, 29 IM)
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Figure 3-2: Histology (H&E) and immunohistochemistry (IHC) for lymphocytic phenotype 
from representative lesions in the nervous tissue of chickens experimentally infected with 
aquatic bird bornavirus 1 (ABBV-1). 
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(Figure 3-2 cont’d) (A) Cerebrum, chicken #120 IC group, sampled at 12 weeks post infection 
(wpi). The Virchow-Robin spaces of multiple vessels are variably expanded by an inflammatory 
infiltrate. H&E, original magnification 40X. (B–D) Cerebrum, chicken #110 IC group, 12 wpi. 
H&E (B) and immunohistochemistry for CD3 (C) and Pax-5 (D) antigens on consecutive 
sections of the same vessel. The perivascular cuffs are composed of mononuclear cells, 
predominately lymphocytes with scattered plasma cells, which occasionally spill into the 
adjacent neuroparenchyma. The large majority of inflammatory cells displays strong cytoplasmic 
reactivity for CD3 antigen (T lymphocytes); while scattered cells display intranuclear reactivity 
for Pax-5 (B lymphocytes). IHC, DAB chromogen with hematoxylin counterstain, original 
magnification 200X. (E) Cerebrum, chicken #142 IC group, 12 wpi. There are randomly 
distributed, variably-sized accumulations of glial cells arranged in clusters (glial nodules). These 
cells are round with moderate amounts of eosinophilic cytoplasm and open chromatin. H&E, 
original magnification 200X. (F) Cerebrum, chicken #120 IC group, 12 wpi. Increased numbers 
of  scattered individualized glial cells are also found throughout the neuroparenchyma (diffuse 
gliosis). H&E, original magnification 400X. 
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Figure 3-3: Graph showing the pathology inflammation subscores in different areas of the 
brain of White Leghorn chickens experimentally infected with ABBV-1 through the 
intracranial route of infection, assessed at 1, 4, 8 and 12 weeks post infection (wpi). 
 
Significant differences between bar pairs are identified with binary connectors. Flat connectors 
indicate that the scores for all areas at one time point are different from the respective area scores 
at other time points. Pairwise comparisons with data points scoring 0 (no inflammation), or 
between different brain areas at different time points (i.e., forebrain at 4 wpi vs. cerebellum at 8 
wpi) are not represented. var Two-way ANOVA with Tukey’s test for multiple comparisons (* < 
0.05, ** < 0.01, *** < 0.001, **** < 0.0001).  
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Figure 3-4: Graph showing the pathology inflammation subscores in different areas of the 
brain of White Leghorn chickens experimentally infected with ABBV-1 through the 
intramuscular route of infection, assessed at 1, 4, 8 and 12 weeks post infection (wpi). 
 
Data columns represent median inflammation subscores with data range.  
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Figure 3-5: Graph showing the overall brain pathology inflammation scores in White 
Leghorn chickens experimentally infected with ABBV-1 through the intracranial or 
intramuscular routes of infection. Assessed at 1, 4, 8 and 12 weeks post infection (wpi).  
 
Significant differences between bar pairs are identified with binary connectors. Pairwise 
comparisons with data points scoring 0 (no inflammation) are not represented. Data columns 
represent median brain inflammation scores with data range. Two-way ANOVA with Tukey’s 
test for multiple comparisons (* < 0.05, ** < 0.01, *** < 0.001, **** < 0.0001). 
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Figure 3-6: Representative immunohistochemistry (IHC) reactivity for aquatic bird 
bornavirus 1 (ABBV-1) nucleoprotein (N) in tissues of Muscovy ducks experimentally 
infected intracranially with ABBV-1 and sampled at 12 weeks post infection (wpi). 
 
(A–C) Immunoreactivity for ABBV-1 N is observed in large neurons in the medulla oblongata 
(A, chicken #110), in clusters of neurons and glial cells in the cortex of the forebrain (B, chicken 
#142), and scattered Purkinje cells and granular cells in the cerebellum (C, chicken #110). 
 

A

B
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Figure 3-7: Magnitude of virus replication, represented as log10 genome copy number, in multiple tissues and swabs from 
White Leghorn chickens experimentally infected with ABBV-1 through the intracranial (A) or intramuscular (B) routes of 
infection, assessed at 1, 4, 8 and 12 weeks post infection (wpi).  
 
Significant differences between bar pairs are identified with solid binary connectors. Pairwise comparisons with data points below the 
sensitivity threshold, or between different organs at different time points (i.e., brain at 4 wpi vs. kidney at 8 wpi) are not represented. 
Data columns represent mean log10 virus copy number / 150 total tissue RNA. Two-way ANOVA with Tukey’s test for multiple 
comparisons (* < 0.05, ** < 0.01, *** < 0.001, **** < 0.0001). 
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Figure 3-8: Representative Western blots used to identify presence of immunoglobulin against aquatic bird bornavirus 1 
(ABBV-1) nucleoprotein (N), in the serum of White Leghorn chickens experimentally infected with ABBV-1. 
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(Figure 3-8 cont’d) Depicted are blots done using the sera from chickens infected through the intracranial (top row, panels A and B) 
or intramuscular (bottom row, panels C and D) routes, both at 1 (panels A and C) and 12 (panels B and D) week post infection (wpi). 
(+) positive control consisting of lysate of CCL-141 cells persistently infected with ABBV-1, and blotted using a monospecific rabbit 
antibody against the ABBV-1 N protein. (L) ladder. (C) Lysate of CCL-141 cells persistently infected with ABBV-1 and blotted using 
White Leghorn chicken serum as primary antibody. (D) Lysate of CCL-141 cells not infected with ABBV-1, and blotted using White 
Leghorn chicken serum as primary antibody. Each bird is identified by its number at the bottom of each blot. The ABBV-1 N protein 
migrates between 40 and 35 kDa; birds with serum identifying a band of this molecular size are considered seropositive.  
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Chapter 4. General Summary and Discussion 
 
 Aquatic bird bornavirus (ABBV), a type of avian bornavirus, first identified in 2009, has 

been associated with non-suppurative inflammation of the central and peripheral nervous 

systems and neurological disease in wild waterfowl of North America and Europe. 24,124 

Epidemiological studies have shown that wild waterfowl appear to be the largest reservoir of 

ABBV, with an estimated prevalence of up to 50 % in some populations depending on species, 

location, and types of sample.22,37,93 While waterfowl may act as the primary hosts, ABBV 

isolates have also been identified in species outside of the order of Anseriformes, suggesting the 

potential for a broad host range.21,36,39,91,94 Avian bornaviruses, therefore, can be regarded as 

primarily waterfowl viruses that may sporadically infect or become established in new avian 

populations.94 Developing an experimental model in waterfowl (order Anseriformes) is integral 

to furthering our understanding of ABBV pathogenesis in those avian species that are naturally 

infected by the virus. Up until this point, experimental infection of aquatic bird bornavirus 

(ABBV-1) in vivo had not been successful in any avian species. Furthermore, the suspected 

broad host range of ABBV-1, suggests the potential for ABBV-1 to infect and cause disease in 

poultry species. To date, there have been no reports documenting natural ABBV infection of 

chickens, leaving the risk to the commercial poultry industry largely unknown.  

 The first objective of this thesis was to characterize the pathogenicity of ABBV-1 in vivo 

using Muscovy ducks as a representative waterfowl species. Two-day old ducklings were 

divided into 4 groups (40 birds / group) and inoculated with ABBV-1 by one of four routes: 

intracranial (IC), intramuscular (IM), oral (PO), and control (sham-infected). At 1, 4, 8, and 12 

weeks post infection (wpi), 10 birds from each inoculation group were euthanized for tissue 

collection. 
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No clinical signs or gross lesions were observed throughout the entirety of the duck 

experiment. At 1 wpi, only the brains from 6/7 IC inoculated ducks and spinal cords from 2/7 IM 

inoculated ducks tested positive for ABBV-1 by reverse transcriptase quantitative polymerase 

chain reaction (RT-qPCR). By 12 wpi, 100 % of IC and IM inoculated ducks tested positive in 

the brain, spinal cord, kidneys, and gonads. Additionally a single cloacal swab was positive in 

both IC and IM groups and 4/15 choanal swabs in the IC group were positive. No tissues or 

swabs from PO inoculated ducks or control birds tested positive at any time points. Histological 

lesions, characterized by lymphocytic perivascular inflammation were identified in 100 % of the 

IC inoculated ducks at 4, 8, and 12 wpi, with the highest inflammation scores occurring at 4 wpi. 

Similar histologic lesions were also identified in the spinal cord of the IM inoculated ducks at 4, 

8, and 12 wpi. The frequency of brain inflammation in IM inoculated ducks increased from 1/10 

at 4 pi to 10/11 at 12 wpi. Immunohistochemistry confirmed the presence of the virus within the 

central and peripheral nervous tissues as well as the myenteric plexuses of the gastrointestinal 

system, gonads, submucosal glands of the proventriculus, pancreatic acinar cells, and cortical 

and medullary cells of the adrenal gland. By 12 wpi, 6 birds of the IC group and 2 bird of the IM 

group had seroconverted. 

In this study we were able to successfully infect Muscovy ducks with ABBV-1 using the 

IC and IM inoculation routes demonstrated by viral replication in multiple tissues and 

development of characteristic histological lesions of the nervous system, analogous to those 

described in natural ABBV infection. Through RT-qPCR and immunohistochemistry (IHC), 

centripetal spread (i.e. from muscle to the central nervous system) with IM inoculation was 

shown as well as centrifugal spread (i.e. from the central nervous system to peripheral tissues) 
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with IC inculcation. Despite high inflammation scores within the brain at 4 wpi, we were unable 

to reproduce clinical disease.  

The  second objective of this thesis was to evaluate the ability of ABBV-1 to infect, 

replicate and cause disease in White Leghorn chickens, an avian species of importance to the 

poultry industry. Two-day old chicks were divided into 4 groups (40 birds / group) and 

inoculated with ABBV-1 by one of four routes: IC, IM, PO, and CO. At 1, 4, 8, and 12 wpi, 10 

birds from each inoculation group were euthanized for tissue collection. 

Only one IC chicken within the study had clinical signs, characterized by severe 

deviation of the cervical spine, which may be attributed to ABBV-1 infection, as there was a 

severe cervical myelitis. No other clinical signs or gross lesions were observed in chickens. At 1 

wpi, the brains from 5/7 IC inoculated chickens tested positive for ABBV-1 by RT-qPCR. No 

tissues from IM inoculated chickens were positive until 8 wpi, when the spinal cords from 2/7 

chickens tested positive. By 12 wpi, all the brains (8/8) and most of the spinal cords (6/8) from 

IC inoculated chickens were positive. By the same time point, only a  few spinal cords (3/9) and 

brains (2/10) from IM inoculated chickens tested positive. Only one renal tissue in the IC group 

at 4 wpi was positive, although at a low viral titer. No swabs in either the IC or IM inoculation 

groups were positive and no tissues or swabs from PO or CO groups tested positive at any time 

points. Lymphoplasmacytic perivascular inflammation was identified in the brain of all IC 

inoculated chickens at 8 and 12 wpi, with the highest inflammation scores occurring at 12 wpi. 

Only one chicken in the IM group at 12 wpi had mild to moderate inflammation in the brainstem 

and spinal cord. Immunohistochemistry confirmed the presence of virus within the neurons and 

glial cells in the central nervous system of IC inoculated chickens at 12 wpi. By 12 wpi, 2 birds 

of the IC group and 1 bird of the IM group had seroconverted, demonstrated by Western blot.  
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In this study, similar to in ducks, we were able to successfully demonstrate that White 

Leghorn chickens are susceptible to ABBV-1 infection delivered by the IC and IM routes. 

Infection was demonstrated by the identification of viral RNA in the central nervous system 

(CNS), and typical microscopic lesion in the brain and spinal cord, although clinical signs were 

only observed in one bird. Infection showed centripetal spread (i.e. from muscle to the central 

nervous system) with IM inoculation but failed to show centrifugal spread to the peripheral 

tissues with IC inoculation.  

While the findings in both experiments are similar, the progression of disease in chickens 

appears delayed in comparison to ducks, with later timepoints for viral RNA to be detected in 

nervous tissues and development of histologic lesions. Furthermore, viral RNA was not found in 

the peripheral tissues of chickens or in choanal/cloacal secretions and only a couple of birds 

seroconverted by 12 wpi. We considered whether the delayed onset of disease in chickens, 

suggests that Gallinaceous birds are less permissive to ABBV-1, which supports some of our 

earlier work showing that the virus grows poorly in chicken immortalized cell lines.69,96 

We were not successful in either species in inducing disease with the PO route of 

inoculation. These findings are in agreement with other experimental studies including oral 

PaBV inoculation in cockatiels47 and oral Borna disease virus (BoDV) inoculation of rats11 which 

did not replicate clinical signs of proventricular dilatation disease (PDD) or Borna disease, 

respectively, and virus could not be identified within tissues. These results may suggest that this 

route is not in fact the natural route of transmission or that our methods were ineffective at 

replicating this route naturally.  
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Our work shows that ducks are a suitable in vivo experimental model for studying 

ABBV-1 pathogenesis and chickens are susceptible to ABBV-1 infection, but further 

investigation into the development of clinical signs and natural route of transmission are needed.
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